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INORGANIC AND ORGANIC CHEMISTRY 


REACTIONS BETWEEN Ce,03 AND SiO, AT HIGH TEMPERATURES 


A. I. Leonov, V. S. Rudenko, and E. K, Keler 


Institute of Silicate Chemistry, Academy of Sciences of the USSR 
Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No, 11, pp. 1925-1933, November, 1961 
Original article submitted May 22, 1961 


It has been shown by experiments that chemical compounds are not formed when CeO, and SiO, react with 
each other, However, oxides of trivalent rare-earth elements form silicates with silica, Toropov and Bondar’ [1] in- 
vestigated the system LagO3 — in which three chemical compounds are formed: LagOg* SiO2, 2LagOs 3Si0z, 
and La,O, * 2SiO,, On the other hand, in a brief report by Warshaw and Roy [2] on an investigation of rare-earth sili- 
cates, the authors indicate the formation of two types of chemical compounds: Ln,O 3 * SiO, and LngOg, * 2SiO, in a 
number of Ln,O3 — SiO, systems (Ln = La, Nd, Gd, Dy, Eu, Yb, Y). 


TABLE 1, Crystalline Structures of Lanthanum Silicates [3] 


States tatio 0,65 | 0,76 | 1,09 | 1,31 | 1,53 | 1,75 


1,97 | 2,18 | 2,40 | 2,72 


Structure * A A B B B-+-C Cc 


*A represents LagSiOg, B— LagSiOg and C — 


Wanmaker, de Graaf and Spier [3] synthesized the compound 2La,Os; * SiO, and investigated it by means of x - 
rays, Together with the principal components LagO, and SiO2, 10 mole % of LaF, was added to the mixture, the 
authors believing that this would assist more intense formation of the compounds, The mixtures were roasted in air 
at 1200°, The crystalline structures of lanthanum silicates were obtained (see Table 1), 


In experiments where LaF, was not added to the mixture, structure A was obtained at molecular compositions 
SiO,/ LagO, from 0,5 to 1,2, while structure B was obtained from 1,2 to 2.5, 


The present communication gives the results of an investigation of the reaction in the system CeO; — SiO,, In 


view of the fact that Ce,Oz is unstable in air, silicates of trivalent cerium were synthesized in a reducing gaseous 
medium, 


EXPERIMENTAL 


Cerium dioxide (CeO, 99.1%, R,O3 0.1, other matter 1%) and silica of A, R. Grade served as the initial materi- 
als for the charge, The experimental procedure was developed for cerium oxides, When cerium dioxide was heated 
in an atmosphere of hydrogen, the oxide was reduced according to the reaction: 2CeO, + H, = Ce,03 + H,O, The 
degree of reduction of cerium dioxide was determined by weighing a sample on a torsion balance, With complete 


reduction of CeO, to CegOs the loss in weight was 4.645%, which for a 500-mg sample of CeO, was 23,22 mg, Pure 
Ce,O was obtained in dry air at 1300° (Fig, 1). 


When mixtures of cerium dioxide and silica were heated in hydrogen, Ce,O3, which also reacted with the sili- 
ca, was formed, Mixtures with a Ce,O; :SiO, molecular ratio of 2:1, 1:1, 2:3, 1:2, 1:4, and 1:8 were investigated, 
The cerium silicates were synthesized in the 1200-1650° range. 


The reaction products obtained by roasting in a reducing atmosphere were subjected to gravimetric oxidizing 
analysis, This analysis is based on the fact that cerium silicates of different composition do not have the same re- 


sistance to oxidation by oxygen, and decompose at different temperatures when heated in air, The analytical pro- 
cedure is described in detail below. 
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The x-ray investigation of cerium silicates was carried out in an apparatus with ionization recording of the x- 
rays, A finely ground sample was pressed in a Plexiglas boat. For photographs at high temperatures the sample was 
pressed in a platinum holder, Filtered KdCu radiation was used, X-ray 
100 , data on Ce,O3 and SiO, from the ASTM card index [4] were used as stand- 
ards of the known (initial) phases when the phase analysis was carried out. 
The x-ray diffraction pattern of Ce,O3 was calculated from the parameters 
given in a monograph by Ormont [5]: hexagonal lattice a 3,88 kX; 

0 c 6,60 kX, oth, gr. D'sd- C3m, Intensities were assigned to the x-ray 
lines with reference to the x-ray diffraction pattern of La,O3. 


40 


The refractive indices of crystals of the synthesized substances were 
measured with a microscope; phosphoric immersion liquids with refractive 
indices from 1,78 to 2,04 were used, The specific gravities of the ma- 
terials obtained were determined pyknometrically (in kerosene), The 
electrical properties (dielectric permeability and dielectric losses) of the 
materials were measured by I. S, Yanchevskaya, 


Amt, of Ce,0, formed,% 
8 


700 400 600 800 1000 1200 400 
Heating in hydrogen, °C 


4 Fig. 1. Formation of Ce,O, from CeO, 
in an atmosphere of hydrogen, 


-- 100 -- 
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Fig. 2, Gravimetric oxidizing analysis of products in a 1Ce,O3 + 2SiO, mixture after 
heating in hydrogen at 1250° and the following residence times: a) 2 hr; b) 26 hr;c) 32 hr, 


Investigation of the Mixtures 1Ce,O3 + 2SiO,, 1Ce,03 + 4SiO2, and 1Ce,03 + 8Si0, 


A mixture with the composition 1Ce,0, + 2SiO, was roasted at 1250°, retained in hydrogen for 2 hr, and then 
subjected to gravimetric oxidizing analysis, The analytical results are given in Fig, 2a, The points on the graph 
showing the weight variation of the sample were obtained by keeping the sample at the temperatures indicated on 
the abscissa until the weight was constant, As was shown by the investigations, phases differing in resistance to oxida- 
tion in air were formed in the mixture, The first phase (56% calculated with respect to Ce,O) was oxidized in the 
room temperature to 500° range, with formation of free cerium dioxide and silica, The second phase (35%) was 
oxidized and decomposed into the initial oxides in the 600-700° range, and the third phase (9%) was oxidized above 
900°, After three roastings in hydrogen at 1250° with intermediate grinding of the mixture and a total residence 
time of 26 hr, the product contained 31% of the first phase, 22% of the second, and 47% of the third (Fig, 2b), After 
six roastings with intermediate grinding in a mortar and a total residence time of 32 hr, all the Ce,O, was combined 
in the form of a homogeneous phase, oxidized above 900°, as shown in Fig. 2c. The final compound obtained cor- 
responds to the composition Ce,O3 * 2SiO,, In the investigated mixture the first and second phases are intermediate, 
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Fig. 3, X-ray diffraction patterns of the products in Ce,O; + 4SiO, (a,b,c), 
and Ce,O 3 + 2SiO, (d) mixtures after heating in hydrogen. 


TABLE 2, X-ray Diffraction Patterns of the Compound Ce,0, * 2SiO, 


d, A d, A gal d, A 


4 
3 
3 
3 
3, 
3 
3 
2 
2 


2,035 1,573) 42 1,294 8 
1,97 1,545) 19 1,280 8 
1,935 1,520) 12 1,260 4 
1,883 1 6 
22 4 1,203 3 

0 

4 

3 


ose 


1,834 1,422 

1,725 1,403} 6 1 
1,70—1 ,68 1,377| 13 

1,666 1,358} 8 

1,611 1,326} 4 


% - 


With an excess of silica, for example in a Ce,O, + 4SiO, mixture, the formation of Ce,0, * 2SiO, is more 
marked, With an increase in the roasting temperature the intensity of formation of this compound increased marked- 


ly. At 1650° and a residence time of 1 hr, the components in a 1Ce,0, + 2SiO, mixture were completely combined 
into the compound * 


Like the results of the gravimetric oxidizing analysis of the product containing 31% of the first phase, 22% of 
the second, and 47% of the third (see Fig. 2b), x-ray analysis showed the presence of three compounds in this product, 


With an increase in the silica content in the mixtures, for example with the initial compositions 1Ce,0, + 
+ 4SiO, and 1Ce,O, + 8SiO2, the chemical compound Ce,O3 * 2SiO, was formed by roasting in hydrogen, and the ex- 
cess silica was present in the form of cristobalite, as may be seen from Fig. 3a, X-ray analysis at elevated tempera- 
tures completely confirmed the gravimetric analysis data with respect to the stability of the compound Ce,O 3° 2SiO,. 
From an examination of the x-ray diffraction patterns (Fig. 3b and 3c) it may be seen that the compound Ce,O; ° 


2SiO, prevails up to 900° when heated in air, and decomposes completely at 1050°, The x-ray diffraction pattern of 
Ce,O3 * 2SiO2 is given in Fig, 3d and in Table 2, 


2019 8 17 6 1S 434240 
d 
= 
s $s 
20° _a 
| 
| 
8 34 2,67 65 4,417 
8 9,6 2,62 6 1,103 
100 24 2,54 15 1,080 
38 6 2,40 16 1,067 
17 1 | 2,30—2,25 | 48 1,060 
25 21 2,18 18 1,050 
5 27 2,%0 15 1,039 
8 8 2:42 137 1'020 
40 4 2,08 13 
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Fig. 4, Gravimetric (a) and x-ray (b) analysis of products in a 2Ce,03 + 3SiO, 
mixture after heating in hydrogen at 1650° and a residence time of 8 hr. 


From these experiments it is evident that in 1Ce,O, + 2SiO, mixtures, and in mixtures with a high silica con- 
tent, one stable compound with the composition Ce,O, * 2SiO, is formed in the investigated temperature range of 
1250-1650°, The mean refractive index of Ce,03 * 2SiO, crystals is 
TABLE 3, Electrical Characteristics of 1,77, the birefringence is 0,015, and the specific gravity is 4.93, The 
Ce,03 * 2SiO,* (Sample Roasted at 1550° _— dielectric permeability and the dielectric-loss angle of material with 
with Residence Time of 4 hr) the composition Ce,0, * 2SiO, were determined (Table 3), 


Investigation of a 2Ce,03 + 3SiO, Mixture 


Temp., °C f cps | tané @ Gravimetric oxidizing analysis showed the presence of three 
phases in a 2Ce,O, + 3SiO, mixture, roasted at 1250° and retained for 
— 1-109| 8.40-3 | 4,85 6 hr: 42% of the first phase, 33% of the second, and 25% of the third, 
> 1-105} 4-10-3 | 4,3 The composition of the reaction products was unchanged by longer resi- 
100 es 9 aes ry dence times at this temperature, At a synthesis temperature of 1650°, 
100 5-108 8,2-10-3 5.4 the quantitative ratio of the phases was different: 27.6% of the first 


phase, 34,4% of the second, and 38,0% of the third (Fig. 4a), As was 
indicated above, Ce,O, * 2SiO, oxidizes in air above 900° (third phase), 
By analogy with lanthanum silicates [1] it was assumed that the second 
phase is the compound 2Ce,O, * 3SiO, and the first phase is Ce,0,°SiOp. 
As a result of the ease with which free CegO, and Ce,03, combined in- 
to the compound 2Ce,O, » SiO2,are oxidized in air (room temperature to 500° range), the quantitative determination 
of these phases by gravimetric oxidizing analysis was difficult. 


*The compound CeO, * 2SiO, melts at 
1760° (in hydrogen), 


X-ray analysis showed that three phases: 2Ce,O,° 3Si02, SiO,, and Ce,O3 and CeO, are present in samples 
with the composition 2Ce,O03 + 3SiO, in the case of low (1250°) synthesis temperatures, At higher synthesis tempera- 
tures (1300-1650°) the silicate Ce,O3 * 2SiO, appears in the samples, It should be noted that Ce,O; (or CeO,),which 
must have been present in excess if Ce,O; * 2SiO, were formed in these samples, did not appear — or only very weak- 
ly — in the x-ray diffraction patterns, Nor was the silicate Ce,O3 * SiO, detected in the samples by x-ray analysis, 


The characteristic x-ray diffraction pattern of the high-temperature (1650°) synthesis product is given in Fig. 4b and 
in Table 4, 


100 
wl 
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| 
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TABLE 4, Phase Composition of a 2Ce,O3 + 3SiO, Mixture after Roasting in Hydrogen 
at 1650° and a Residence Time of 8 hr 


Phases present a Phases present 


10 | 4,33;/— | — | 8|4,35 — | 20 |2,18 — | 21 12,18 
20 | 4°20) 20] 4,20 — 20] 2:13 | 30 | 2,43 
10 | 404 — |100| 4,04] 30 | 2:04 — | 65 |2,035 
10 | 3.60 | 40] 3,56 | 40 | 2:01 | 40 | 2,00 pie 
50 | 3.40 | 400} 3,40 — | | 20 | 4.95 
50 | 3.28 | 40| 3,28} 38]3,28 — | 50 | 1,995] 50 | 1/90 
30 | 3,17 | 40| 3,17] 17|3.17 — | 30| 1:86 | 20 | 4,86 
10 | 3,10 | 25/3,08 — 50 | 1.833] 40 | 1:83 | 48 [1,834 
100 | 2/90 | 100] 2,89 — | 50 |1,810] 40 | 4,81 
20 | 2:79 | 30| 2/80 = — | 20 |1.787| 10 | 1,78 
10 | 2'68 | 40} 2,70 — | 20 | 1:72 48 (4,725 
10 | 2,54 | 2,49] 30 | 1,67 — | 45 |1;69 
2 20! 2,3 _ 


TABLE 5, X-Ray Diffraction Pattern of 2Ce,0, * 3SiO, 


4.20 50 1.90 20 1,32 
3.56 20 1,86 20 1,30 
3,28 40 1,83 30 1,277 
3,17 40 1,81 30 1,259 
2,89 10 1,78 10 1,212 
2,80 20 1,57 10 1,197 \ 
2,30 

2,20 

2,13 

2,04 

2,00 

1,95 


TABLE 6, Refractive Indices of the 
Crystalline Phases 


Evidently for the same reason, the "first" phase, recorded by 
thermogravimetric analysis, does not appear on the x-ray diffraction 
pattern of a sample roasted at 1650°, 


Compound "ep Piefringence The x-ray diffraction pattern of 2Ce,03 * 3SiO, reveals a hexagon- 
al system (Table 5); the lattice parameters were determined: a 11,36 A; 
Ce,03- SiO. 1,880 0,025 c 4,71 A; c-a 0,415, 
2Ce,03-3SiO2 1,850 0,020 
Ce,03-2Si02 1,770 0,015 


Three phases were detected in the product by microscopic analysis, 
Table 6 gives the mean values of the refractive indices of the crystal- 
line phases in a 2Ce,O, * 3SiO, mixture after heating in hydrogen at 
1650° and a residence time of 8 hr. 


Investigation of a 1Ce,03 + 1SiO, Mixture 


Gravimetric oxidizing analysis showed that at low synthesis temperatures (1250-1270°) only phases which de- 
compose when heated in air in the room temperature to 500° range are formed in a 1Ce,O, + 1SiO, mixture; this 
may be seen from Fig, 5a, With high synthesis temperatures (1600-1670°), the product contains two phases (Fig. 5b), 


which indicates the presence of two silicates in the mixture: Ce,O, * SiO, and 2Ce,O, * 3SiO, and the absence of 
the compound Ce,0, 2SiO, (third phase), 


| qd, A | I | d,A | | qd, A 
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5) 17 16 15 ° 

Fig, 5, Gravimetric (a,b) and x-ray (c) analyses of the products in a 1Ce,O, + 1SiO, 
mixture after heating in hydrogen, 


TABLE 7, Phase Composition of a Ce,O, + SiO, Mixture after Roasting in Hydrogen at 
1250° and a Residence Time of 16 hr 


Phases present 


Ce,0,SiO, Ce,0, 


> 
a 
> 


| wel 
3° 
— 


New 
| 


Ss 


| | wel 
=) 
tS 
wl lll 
t 
to 


2° 
Sk 


lel 


| 2881 | 
— 
Plilelttt 


= 
~] 


‘00 Phase 2, 
b Phase 1 
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82% 
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c 
g2 
a 
20° 
600° 
Sas AS A 600° 
N ~ 
= 20° 
30 | 4,40 80 4g 
5 4,00 
' 10 | 3.30 
80 3,24 400 |3 
70 3.97 
10 3,03 
60 2,94 
80 | 2,90 
100 2,82 100 — 
20 2,70 
20 2,30 _ 
10 
50 2,18 100 
60 2,03 70 7s 
20 2,01 
10 1,97 70 
30 4,93 | _ 
20 1,90 
20 1,869 _ 
20 1,510 
0 | 4,76 | 70 | 
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Fig. 6. Gravimetric (a) and x-ray (b,c) analyses of the products in a 
2Ce,03 + 1SiO, mixture after heating in hydrogen, 


With low synthesis temperatures (1250-1270°), the following phases are recorded in samples of this composition 
by x-ray structural analysis: Ce,O3 * SiO,, 2Ce,O3 * 3SiO,, and considerable amounts of Ce,03, CeO2, and SiO,, Ceri- 
um dioxide was formed as a result of oxidation of free Ce,O, by atmospheric oxygen, The characteristic x-ray dif- 
fraction pattern for these compositions is given in 
Fig. 5c (see lower curve), This figure also shows the 
variation of the phase composition during heating of 
the sample in air, As may be seen from Fig, 5c, com- 
7 | es | ‘ | aie plete decomposition of the products, with formation 
of CeO, and SiO,, takes place at 600°, Table 7 gives 


TABLE 8, X-Ray Diffraction Pattern of Ce,03 ° SiO, 


80 4,36 100 2,17 data on the x-ray analysis of the sample. 
100 3,20 70 2,02 
100 2,80 70 1,96 At higher synthesis temperatures the amount of 
40 2,33 70 1,757 
40 4'676 initial substances in the product is reduced, and the 


x-ray diffraction patterns of the 1:1 and 2:3 phases 


become more distinct, The 1:1 phase is revealed 
most distinctly in the x-ray diffraction pattern of a 1Ce,O, + 1SiO, mixture, heated in hydrogen at 1670°; the lines 


of the 1:1 phase are given in Table 8 and are taken as the standard for the x-ray diffraction pattern of this phase, 


Investigation of a 2Ce,03 + 1SiO, Mixture 


The product obtained as a result of roasting a 2Ce,O, + 1SiO, mixture in hydrogen at 1550° decomposes in the 
room temperature to 400° range when oxidized in air; this is shown in Fig, 6a, The sample contains 91% of free 
Ce,O3; the product is unstable in air and begins to oxidize at room temperature when the sample is ground in a mortar, 
As the Ce,O, is oxidized, the more stable oxide Ce,O, is formed; this is oxidized in the 260-320° range, Nine percent 
of Ce,O; is combined in the form of Ce,0, + SiO,, which decomposes at approximately 400°, 


3 
wo 
| | 
3 
ss .3 c 
wo 
b 
aA 
a 
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Figure 6 gives the x-ray diffraction patterns of a sample in various stages of oxidation, The x-ray diffraction 
pattern (Fig, 6b) shows maxima for the compounds Ce,O7z, CeO,, Ce,O3, and Ce,O; * SiO,, while the x-ray diffraction 
pattern of the sample completely oxidized by heating in air at 400° shows maxima for CeO, and SiO, (Fig. 6c). A 
compound with the composition 2Ce,O, * 1SiO, was not detected, 


SUMMARY 


1, The reaction in solid phases in the system Ce,O3— SiO, was investigated. The mixtures were heated in hy- 
drogen, in which CeO, was reduced to Ce,Oz, and the latter reacted with silica, 


2, Three chemical compounds: Ce,O3° SiO,, 2Ce,O3* 3SiO,, and Ce,O; * 2SiO, are formed in the system 
Ce,03 SiO,. 


3, Crystalline Ce,O, * 2SiO, was synthesized from a stoichiometric mixture with the composition 1Ce,O3 + 2SiO,, 


4, The compounds Ce,0, ° SiO, and 2Ce,0, * 3SiO, are unstable and are not formed as pure crystalline phases 
in stoichiometric mixtures of these compounds, 


5. Cerium silicates decompose when heated in air, Their stability increases in the order: Ce,0, * SiO, < 
< 2Ce,O3° 3SiO, < Ce,O,* 2SiO,, Their decomposition temperatures are 300-500, 600-700, and 900°, respectively. 
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There are very few reports on the synthesis and investigation of the properties of rare-earth peroxides, Thus, 
ianthanum peroxide was first obtained by Cléve [1] in 1885 by treating solutions of lanthanum salts with ammonia 
and hydrogen peroxide, After the gelatinous precipitates had been washed and dried, they were found to be of the 
peroxide type and corresponded to a composition approximating to the formula La,Os. Melikov and Pisarzhevskii 
prepared lanthanum peroxide in a similar manner [2] and considered it to be LagOs * nH,O or HLaO, * nH,O, assum- 

ing that it was a true metal peroxide.When dilute H,SQ, acts on lanthanum peroxide, hydrogen peroxide is liberated, 
whereas when concentrated H,SO, is used, ozonized oxygen is 

formed, The authors observed the decomposition of lanthanum 
peroxide during drying (completed at 200°C), with loss of “act- 
ive” oxygen and water, 


EXPERIMENTAL 


To determine the different forms of peroxide compounds 
of elements of the lanthanum subgroup and the conditions of 
their formation, a series of investigations was carried out on 
the reaction of hydroxides of these elements with hydrogen 
peroxide within a wide range of hydrogen-peroxide concentra- 
tion (from 0 to about 97%) and temperatures from 0° to —20°, 
The investigation was carried out by the usual solubility me- 
thod, the experimental results being represented graphically 
Time, min, in the diagrams: Me,O3— H,O — 40, and Me,O3— The 
“residue” method makes it possible to determine fairly reliably 
the true composition of the solid phases formed and the con- 
centration limits of their existence. 


Fig. 1. Differential heating curves of lanthanum 
hydroxide, 


TABLE 1, Time Required to Obtain Equilibrium during the Reaction of Lanthanum 
Hydroxide with Hydrogen Peroxide at —20° 


Comp. of liquid phase, |Comp,of residue,wt,% 
Time, | 


hrs ctive O, 


H,02 La,O, jActiveQ,]  La,0, Solid phase 


La 
a0,4-H,0 
The same 


The procedure employed was as follows: freshly precipitated hydroxides were mixed for a specific period under 
isothermal conditions with aqueous solutions of hydrogen peroxide until chemical analysis of the liquid and solid 
phases (determined graphically for the residue) was constant, The residue and the liquid phase were then analyzed 


* Deceased, 


360° 
A Nene 
400 
95° 
300 
200 
100 00, 
1 18,81 | 39,99 | 0,110 | 10,63 | 46,55 
2 18,65 | 39,65 | 0,160 | 11,01 | 46,35 : 
3 18,73 | 39,82 | 0,099 | 11,55 | 43,20 
5 18,56 | 39,46 | 0,437 | 141,13 | 45,74 
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TABLE 2, Data of the Reaction of La(OH), with H,O, Solutions at 0° 


Comp. of liquid phase, wt. % (Comp. of residue, wt. % 
H,0, ¥ j Solid phase 


0,00 
0,34 
4,60 
6,37 
7,68 
8,98 
9,70 
9,91 
12,88 
14,99 
16,49 
19 ,88 
19,90 
21,60 
22 ,30 
22,97 
23 ,74 
23 ,89 
24,69 
26 ,68 


La (OH); 
La 
La,Ox- 2H,O 
the same 
» 


les 
| | 
vue 


| 


~ 
— 


oO 


Co 
on 


14,50 44,68 
13,38 47,67 
13,92 47,71 
16,79 38,41 
30,81 7,07 45 ,80 
31,14 18,40 41,38 
32,09 2: 058 18,08 45,35 
33 ,05 18,53 44,93 
34,30 18,98 45 ,03 
34,49 a 
35 ,02 20 ,39 42,44 
38 ,66 21,69 43,07 
39,28 

40,95 = 
41,45 22,93 42,88 
43 ,16 24,12 42,23 
44,13 ¢ 
45 ,22 26 ,72 39,58 


3 


o 


TABLE 3, Data of the Reaction of La(OH), with H,O, Solutions at —20° 


Liquid phase comp.,wt.o _|Residue comp. ,wt. 
Solid phase 


Active H,O, La,O; ctive 04 La,O, 


14 ,82 31 ,52 0,055 7,85 61,33 La,O,-H,O 
20,14 42,82 11,91 48 ,63 the same 
22,61 48 ,07 0,078 13,50 47,91 

25,83 54,91 0,126 14,70 47 ,03 » 
28,39 60 ,36 0,133 17,49 41,47 » 
31,72 67,43 0,132 17,06 48,59 » 
35,20 74,84 0,105 22,50 39 27 » 
38,34 81,51 0,032 22,01 44,51 » 
44,61 94,84 0,038 21,88 44,81 | decomposed 


for their content of Me,Os3, 40», followed by plotting of the data on a Gibbs’ triangle, where the composition of the 
solid phase to be determined was found from the point of intersection of the straight lines, 


Lanthanum hydroxide La(OH)3 was prepared from solutions of lanthanum nitrate and excess ammonia, The 
lanthanum hydroxide formed as a result of precipitation from hot solutions had the appearance of a white gelatinous 
mass, After the product had been filtered and washed, it was dried under vacuum at 35-40°; the heater was then 
switched off and the substance was ground to a fine cream-colored powder, Endothermic effects at 95-115°, 320 to 
345°, and 380-403°, corresponding to gradual dehydration and formation of lanthanum monohydroxide LaO * OH, are 
observed on the differential heating curves of lanthanum hydroxide (Fig, 1), 


Expt. 
No, 
54 0,00 | 0,082 9,00 
52 0,72 0,089 50,06 
53 9,78 0,102 45,61 
55 13,54 0,089 50,61 
26 19,09 
38 20 ,62 
49 21,00 
27 27 ,38 
23 31,87 
37 35,05 
44 42 ,26 
50 42,30 
- 61 45 ,90 13,03 46 ,43 
65 47,40 
47 47,98 
33 
3 
67 
31 
56 
64 
59 t me 
60 
58 
AA 
| 
66 decomp. 
70 » 
39 » 
41 » 
69 
9 
Expt, 
No, 
41 
5 
13 
8 
6 
7 
10 
9 
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Pure hydrogen peroxide, without a stabilizer, was prepared by distillation of perhydrol in a vacuum apparatus, 
The active oxygen in the investigation products was determined by titration with a 0,1 N solution of KMnO, in sulf- 
uric acid, The lanthanum in the residue and in the liquid phase was determined gravimetrically: by precipitation 
as the oxalate, followed by calcination to LagOg in a muffle at 800-900°. 


Reaction of lanthanum hydroxide with hydrogen peroxide at 0° and —20°, The time required to obtain equilib- 
rium during the reaction of lanthanum hydroxide with hydrogen peroxide was determined by: a) constancy of the 
composition of the liquid phase; and b) constancy of the composition of the solid phase formed, The time required 


to obtain equilibrium between the chemical compositions of the liquid and solid phases was determined as 2-3 hr, 
and is illustrated by the data of Table 1 for —20°, 


YY 


Lad 
10,0, 


Fig. 2, 0° Isotherm of the system La(OH)3— H,O2 — H,O. 


5 554 ecomp, 


“5 0 0 D 3 4 50 5 6 D WH 
Fig. 3, 0° Isotherm of the system La(OH)3 — H,O, — H,O in rectangular coordinates, 


The reaction between La(OH)3 and H,O, solutions at 0° was investigated in the hydrogen-peroxide concentra- 
tion range from 0,00 to 96,20% in the liquid phase, and was examined with respect to the formation of solid phase 
in the ternary system La(OH); — H,O, — H,O. The results of the investigation are given in Table 2 and in Figs, 2 and 
3, From 0,00 to 0,72% H,O2, lanthanum hydroxide exists in the liquid phase. In the region from 0.73 to about 83% 
H,O2, one peroxide-type phase with the general composition La,O3 * 2H,O is formed, From about 83,5 to 96,20% 
H,O2, appreciable decomposition of the residues is observed, Thus, three branches corresponding to La(OH)3, LagQ,°* 
* 2H,O, and the decomposition states of the “residues” are found on the solubility curve (Fig. 3), 


Apart from the region of ice (from 0,00 to 31.52% H,Oy, in the liquid phase), at —20° one phase of the peroxide 
type, with the general composition La,Q, * H,O, was again detected (from 31,52 to 81.51% H,O, in the liquid phase 
(Table 3, Figs, 4 and 5), Above 81.51% H,O,, decomposition of the residues is noted (Table 3), 
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HO 


Fig. 5. —20° Isotherm of the system La(OH)3 — H,O2 — H,O in rectangular 


coordinates, 


Fig. 6. Differential heating curves of the residue 
corresponding to La,O, * H,O. 
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Two branches, corresponding to La,O, * H,O and the de- 
composed residues, are observed on the solubility curve (Fig, 5). 
The residue corresponding to La,Q, * 2H,O was washed with al- 
cohol, ether, and subjected to various types of drying (Table 4), 
The data of Table 4 for the residue LagO, * 2H,O show that 
washing with alcohol, ether, and various types of drying lead 
to the formation of a product with a higher active oxygen con- 
tent, The product obtained was similar in composition to 
La,Os * nH,O (where n = 3-6), 


The increase in the content of active oxygen and water 
may be explained by the action of hydrogen peroxide during 
decomposition, 


Differential heating curves of the "residues" of La,O,° 
* 2H,O and La,O, + H,O (Table 5) were determined in a Kurna- 
kov recording pyrometer with a Rt-RtRh thermocouple at a 
heating rate of 3-4 deg/ min, with simultaneous recording of 
the volume of the liberated oxygen, 


Outwardly, the differential heating curves of the La,O,- 
* H,O "residues" are the same and are characterized by the 


” 


10 \ 10 
20 
| 40 
La(0H) 
Lay), 
; Fig. 4. —20° Isotherm of the system La(OH)3 — HyO2 — H,O. 
32 Ice 8 6 Decomposition 
| 2 — 
4s 
500-35 
| 
J 195°R tr =370002 
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Time, min, 


TABLE 4, Data on Dehydration of La,Q, * 2H,O “Residue” 


Prod, comp, ,wt, 7o oduct comp., M_| 


La,04-2H,O 


act.o 
Residue 


La,O, H,O0. act, oO, La,O, H,O 


Initial 


13,92 | 47,41 | 38,67] 5,96 | 1,00 | 24,71 
Washed with ether 5,24] 71,15 | 23.61] 1,50 | 1,00 | 5,95 
d with 
barns Pi ether 5,81 | 71,42 | 22,87] 1,66 | 1,00 | 6,53 
Washed 
5,34|76,10| 13,87] 1,43 | 1,00] 3,29 
ith, 
“eer ether; dried 
under vacuum at 30° 4,92] 74,43] 20,65] 2,35 | 1,00 | 5,03 
Initial 16,03 | 45,06 | 38,91 | 7,25 | 1,00 | 15,66 
Dried over 
at 4° for 7 days 6,15 | 78,82] 15,03} 1,59 | 4,00 | 3,45 


TABLE 5, Chemical Composition of the Liquid Phases and Residues 
Corresponding to the Solid Phases LagO, * 2H,O and La,Q, * H,O 


Formula 


La,O4,s-6H,O 


La,Oa,7 -6,5 H,O 
La,Os,4-3,3H,O 


La,O4,4-5H.O 


La,Oj,6°3,5H,O 


Residue comp., wt. 7% Liquid phase comp., wt.‘ 
Solid phase act, Oo, La,0; H,O act, O, H,0 
La,O,-2H,O 40,08 47 .80 | 42,12 15,18 | 84,22 
La,O4-H,O 14,70 | 47,03 | 38,27 25 183 74,17 


on Heating 


Residue cor- 


Prod, comp., 
responding to 


Product comp., M 


solid phase | © La,0,| O,| La,0, | 
0 | 18,40] 41,38 | 40,22 | 9,06 | 1,00 | 17,85 

La,O,-2H,O 50 | 3,66] 57,69 | 39,65] 1,29 | 1,00 | 12,44 
85 | 3,20] 66,88 | 29,69] 0,98 | 1,00 | 8,05 

~200 | 0,07] 82,12] 17,83] 0,02 | 1,00 | 3,94 

La,O,4-H,O —20 | 14,70] 47,03 | 38,27] 6,38 | 1,00 | 14,75 
85 | 3,76) 51,02 | 45,22] 1,49 | 1,00 | 16,00 

218 | 0,22] 81,03]18,75] 0,05 | 1,00] 4,18 


lanthanum oxide (3-4) H,O. 


The behavior of the residues corresponding to the solid phases LagQ, + 2H,O and LagO, * H,O, obtained in the 
investigation, during dehydration and the determination of the differential heating curve provide some foundation 
for the assertion that these compounds should hardly be considered as hydrates of lanthanum peroxides, They are 


more probably included in the category of hydroperoxide compounds of the type 


TABLE 6, Change in Chemical Composition of La, » 2H,O and La,Q, + H,O “Residue” 


Formula 


La,O3,2-12.4HO 
La,0,-8H,0 
La,O3-4H,O 


La,O, ; -16H,0 
La,O3-4,2H,O 


presence of an exothermic effect at 27-45° and 25-70°, and an endothermic effect at 105-125° and 98-110° (Figs, 6 
and 7), The liberation of active oxygen (dotted line) coincides with the commencement of an exothermic effect 
and continues to about 200°, A chemical analysis to interpret the thermal effects for both "residues" showed that 
oxygen is liberated in two stages (Table 6); during this process, active oxygen is first liberated from the mother hy- 
drogen peroxide at the temperature of the first exothermic effect, The product freed from excess hydrogen peroxide 
is subsequently dehydrated and decomposes at 85°, with liberation of oxygen, water, and the formation of hydrated 


| 
| 


La,O,- 2H, HO” La,O,-H,O. ce 


SUMMARY 


1, When La(OH), reacts with H,O, at 0 and —20° within wide limits of hydrogen-peroxide concentration, per- 
oxide-type phases with the general composition La,O, * 2H,O and La,O, * H,O are formed, 


2, Experiments on the dehydration of the peroxide-type "re- 
7°? sidues” obtained showed that anhydrous peroxide compounds of 
lanthanum cannot be obtained under these conditions, 


3. Thermal investigations of these “residues” showed that 
thermal decomposition with liberation of active oxygen takes place 
in two stages: associated with decomposition of the adsorbed hy- 
drogen peroxide and with the subsequent decomposition of the lan- 
thanum hydroperoxide compounds, 
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Fig. 7. Differential heating curves of the 
residue corresponding to La,OQ, H,O. 
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Neodymium peroxide was first synthesized by Cléve [1] from solutions of neodymium salts, ammonia, and hy- 


drogen peroxide, The neodymium peroxide compound obtained by him approximates in composition to Nd,Os, Later, 


Brauner [2-4] indicated the possibility of the formation by neodymium of Nd,O, and Nd,Og in the hydrated form, 


Preparation of the Initial Substances and the Analysis Methods 


EXPERIMENTAL 


A lilac-colored amorphous precipitate of neodymium hydroxide Nd(OH)3 was precipitated from a hot solution 
of neodymium nitrate by excess ammonia, After the precipitate had been separated and washed on a filter, it was 


TABLE 1, Time Required to Obtain 
Equilibrium during the Reaction of Nd(OH)s; 
with H,O, at 0° 


ctive jphase, wt, 


Fig. 1. Heating curve of neodymium hydroxide, 


dried under vacuum at room temperature, The lumps of dry hydroxide 
formed were ground to a fine powder and the hydroxide was used for 
the investigation in this form. The differential heating curves of 
this neodymium hydroxide (Fig. 1) are characterized by two endo- 
thermic effects at 90 and 305°, corresponding to dehydration and, 
probably, to the formation of neodymium monohydroxide NdO * OH. 


Pure hydrogen peroxide, without a stabilizer, was prepared by 
distillation of perhydrol in a vacuum apparatus, The active oxygen 
in the investigation products was determined by titration with a 0,1N 
solution of KMnQ, in sulfuric acid, The neodymium (converted to 
Nd,Os3) in the residue and in the liquid phase was determined gravi- 
metrically: by precipitation with oxalic acid, followed by calcina- 
tion of neodymium oxalate to Nd,O3 in a muffle at 800-900". 


Reaction of neodymium hydroxide with hydrogen peroxide 
at 0 and —20°, The investigation of Nd(OH), with hydrogen per- 
oxide solutions was carried out by the usual solubility method, 
the experimental results being represented graphically in the 
diagrams: Nd,O;— 40, — H,O and Nd,O, and H,O, by a method 
previously described [5]. The time required for equilibrium to 
be obtained between the chemical compositions of the liquid 
and solid phases was determined as 1,5-2 hr (Table 1), 


The investigation of the reaction of Nd(OH); with hydro- 
gen peroxide solutions, carried out at 0 and —20°, is illustrated 
by the data of Tables 2 and 3 and Figs, 2-5, 


In the triangular diagrams, Nd,Og — 40, — H,O, the solid 
phases formed at 0 and —20° were determined graphically by 
method of residues (Figs, 2,4), while in the system of rectangular 


Amt, of \Comp. of liquid 
Time, 
hours ont, & | Nd,0, 
Initial 10,33 
1,0 4,30 6,79 0,154 
15 6,29 6,46 0,149 
3,0 6,07 _ 0,172 
4,0 6,08 6 ,46 0,132 
VS 
$2 
‘180° 
320° 
nes 
2° 
Time, min, 
* Deceased, 
= 1811 
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TABLE 2, Data of the Reaction of Nd(OH), with H,O, Solutions at 0° 


Comp. ofliquidphase, |Comp. of residue, 
Expt. wt. %o 


Solid phase 

No. act, O, | H,0O, | Nd.O, act, O, | Nd,O, 

37 0,72 0,220 3,22 27,84 Nd,O;-2H,O 
65 1,70 2,54 — 4,19 33,97 the same 
13 2,63 5,60 5,03 46 ,64 

53 3,60 7.65 0,230 5,05 31,01 » 

34 4,59 9,75 24 ,22 » 

71 5,86 12,46 —_ 6,45 31,39 » 

25 7,67 16,30 7,50 28 , 46 » 

Al 7,89 16,77 0,216 7,62 23,71 » 

43 8,20 17,43 0,210 7,40 38,00 » 

42 9,61 20 ,43 0,216 8,29 26,96 » 

47 12.53 27,60 0,169 9,70 42,69 » 

49 16,74 35 ,59 0,126 41,17 51,49 » 

26 17,03 36 ,20 — 44.37 43,15 decomposed 
48 18,08 | 38.44 | 0,133 | 411,57 | 49,63 the same 
55 19,90 42 3A 0,147 2,43 44,06 » 

17 31,18 66 ,28 — 9,22 57,73 » 

7 38 ,67 82,21 — 3,55 65 ,77 » 

6 45,70 97 6,30 56,45 » 


TABLE 3, Data of the Reaction of Nd(OH), with H,O, Solutions at —20° 


Comp. of liquid phase, omp. of residue, 
No. 


act, O, | H,O, | Nd,Oy act, O, Nd,O5 


{ 11,65 | 24.88 | 0,070 6,79 | 59,20 Nd,O,-2H,O 
8 11,95 25,40 0,123 8,01 41,58 the same 
11 13,40 | 28,49 | 0,103 8,81 45,39 » 
7 13,93 | 29,62 | 0,102 7,49 | 49,75 » 
13 14,88 | 31,63 | 0,150 8,40 | 48,20 > 
5 15.04 | 31,97 | 0,110 | 40,80 | 37,22 » 
3 16,21 34,46 | 0,110 8,82 | 54,37 » 
10 17,04 | 36,22 | 0,102 9,73 | 46,36 > 
12 17,60 | 37,42 | 0,109 | 10,00 | 44.75 > 
2 18,32 | 39,37 | 0,084 5,87 | 61,63 decom posed 
4 23,23 49.37 7,95 €1.10 the same 
6 29,89 | 63,54 | 0,140 | 13,62 | 47,61 > 


TABLE 4, Data on the Dehydration of the "Residues" Nd,O, + 2H,O and 
Nd,O; 2H,0 


Residue Comp. of pee. Comp. of the 
corr, to the | Type of treatmen wt, ‘/o product, M icine 
solid phase of residue act. | | act.| 4,0, H, 

Initial 10,00) 44,75} 45,25)1,22] 1,00 | 18,89)Nd,O, ,-18,9H,O 

1, Drying over : 

at 4° for 

2 days 5,22) 72,13] 22,65/1,50] 1,00 | 5,79|Nd,O, ,-5,8H,O 
Nd,O,- 2H,C, Initial 9,35] 53,55] 37,10/3,67] 1,00 | 12,9 

2, After washing 

with alcohol 

and ether 5,82} 72,72) 21,4€]1,73} 1,00 | 5,52)Nd,0,,-5,5H,O 
Nd,0,-2H,0 | Initial 5,18] 46,07| 48,75]2,36| 1,00 | 19,76|Nd,O, ,-19,8H,O 


After washing with 
alcohol andether | 5,30) 59,53) 35,17|1,86| 1,00 | 11,05 Nd,0, 11H,O 


SC“ 


Fig. 2, 0° Isotherm of the system Nd(OH)3 — H,O, — H,O. 


TABLE 5, Chemical Composition of the Liquid Phases and Residues 
Corresponding to the Solid Phases Nd,O; » 2H,O and Nd,O - 2H,O 


Composition of 


the residue, wt.% 
Solid phase 


act, O, | | H,O act, O; | H,O 


e 


34,14 
45 ,80 13,40 86 ,60 


Nd,O,-2H,O 6,45 
Nd,O,-2H,O 8,81 


62,16 5,86 


31 
45 


TABLE 6, Variation of the Chemical Composition of the "Residues" Nd,O,; * 2H,O and 
Nd,O, + 2H,O during Heating 


Comp. of product, 
to Temp., P. Comp. of product,M 
be 


solid phase Formula 


Nd,O, | | H,O 


0 
60—75 
Nd,O,-2H,O 175—200 
225—240 
Nd,O, 2H,0 —20 
55—60 
200 


2,41 y 

1,94 27,12| Nd.Os-27H,O 
0,00 Nd,O,-5 1,0 
0.00 Nd,O,-4H,O 
3,66 

1,08 2,62] Nd,O4-42,6H,O 
0,00 23| 


Noo 


22 


j 
0 fy 
Wf 
Mf 40 
WELLL 
WELT. 
=f 
| 

4, 39,67] 55,83 

| 

0, 83,0/] 16,66 

8, 48,17| 43,44 
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coordinates Nd,O3 — H,O, the solubility of Nd,O, in the liquid phase at 0 and —20° was determined for various hydro- 
gen peroxide concentrations (Figs, 3,5), As follows from an examination (Table 2 and Figs, 2, 3) at 0°, the presence 
of two solid phases was established: the initial Nd(OH), and 
a peroxide phase with the general composition Nd,O, * 2H,O, 
within H,O, concentration limits from 1,53 to 35.59%, At an 
Nd 205 24,0 H,O, content of more than 36% in the liquid phase, decom- 
position of the “residues” is observed, At —20°, in addition 
to the ice region (up to about 25% H,O, in the liquid phase) 
a peroxide-type phase, Nd,OQ, * 2H,O, was distinguished in 
0 5 0 1 20 05 30 35 8 45 50 55 60 the region of 24,88 to 37.42% H,O, in the liquid phase. Above 
39% H,O,, appreciable decomposition is observed. 


Fig. 3, 0° Isotherm of the system Nd(OH)3 — H,O, — The marked increase in the solubility of Nd,Og in 

— H,O in rectangular coordinates, aqueous solutions of hydrogen peroxide should be particularly 
noted (Figs. 3,5), Thus, at 0°, the Nd,Og; content in aqueous 

solutions is not more than 0.004%, whereas for the regions of Nd,O, * 2H,O formation, the solubility of Nd,Og in- 

creases approximately 50-fold, A similar phenomenon is observed at —20°, Residues corresponding to the solid phases 

Nd,Os * 2H,O and Nd,Q, « 2H,O separated from hydrogen peroxide solutions were washed with alcohol and ether, and 

were dried in a desiccator over phosphorus pentoxide (Table 4). 


Fig. 4, —20° Isotherm of the system Nd(OH)3 — H,O, — H,O. 


13 
8 4 © 3 12 Decomposition 


5 10 2 30 3 4% 50 5 60 65 
H09, % 


Fig. 5. —20° Isotherm of the system Nd(OH)3 — H,O, — H,O in 
rectangular coordinates, 
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From these preliminary data it follows that, during the dehydration process, products similar in composition to 


Nd,O, * nH,O are obtained, However, like lanthanum peroxide compounds, anhydrous neodymium peroxide com- 
pounds were not obtained in this case, 


The differential heating curves of the “residues” Nd,O, * 2H,O and Nd,O, * 2H,O (Table 5) were determined in 
a Kurnakov recording pyrometer with a Pt-PtRh thermocouple at a heating rate of 3-4 deg/ min; the volume of liber- 
ated oxygen was recorded at the same time, 


3 
8 


0° g 


Amount of O,, cm 


g 

8 

7 

6 
4 

3 / 


0 20 0 4 50 60 90 100 
Time, min 


Fig. 6. Heating curve of the residue corresponding to Nd,O; * 2H,O. 


The differential heating curves of the residue corresponding to the solid phase Nd,Os + 2H,O (Fig, 6) are char- 
acterized by the presence of two endothermic effects at 0 and 90-102°. The first endothermic effect corresponds to 
fusion of the residue in the presence of excess liquid phase, while the second is related to dehydration and liberation 
of oxygen, It may be assumed that the exothermic effect corresponding to liberation of oxygen is masked by the 
endothermic effect of dehydration, An exothermic effect at 25-60°, and an endothermic effect at 93-105" may be 
seen on the heating curves of the “residue” Nd,O, * 2H,O (Fig. 7), Chemical analysis of the “residues” Nd,Os* 2H,O 
and Nd,O, * 2H,O during the heating process showed that oxygen is liberated in two stages (Table 6). 


These results indicate that during heating, oxygen is first liberated from the hydrogen peroxide absorbed by 
the residue. At 60-75° the"residué Nd,O, * 2H,O had the general composition Nd,Os * 27H,O, while that of the "resi- 
due” Nd,O, *° 2H,O was Nd,OQ, > 12.6H,O. With further heating (about 85-90°) the neodymium peroxide compounds 


decompose with liberation of water and active oxygen, At 200° the composition of the product was expressed by the 
formula: Nd,Os° nH,O, approximating to Nd(OH)s. 


A comparison of data of the composition of the peroxide-type solid phases formed during the reaction of 
Nd(OH), with hydrogen peroxide solutions shows that fairly clear data on the formation of two peroxide-type solid 
phases Nd,Og * 2H,O and Nd,O, + 2H,O are obtained by the use of conventional investigation methods for the study 
of the solubility. Separation of these phases by ordinary preparative methods leads to considerable changes in the 
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Fig. 7. Heating curve of the residue corresponding 
to Nd,O, * 2H,0O. 


chemical composition, due to the resultant disturbance of the ratios between the solid phases and the composition of 
the liquid phases, Preliminary investigations of the solid phases distinguished do not justify their inclusion in the 


hydrates of neodymium peroxide Nd,Og or Nd,O,, It is more probable to assume that with trivalent neodymium they 
must have a formula of the type 


HO OOH HOO H 
Nd,0,4-2H,O0 NNd—O—NdZ Nd,O,-2H,O eee 


10% Nou HO’ \ooH 


SUMMARY 


1, An investigation of the reaction of Nd(OH), with H,O, within wide concentration limits made it possible to 
distinguish two phases of the peroxide type: Nd,O; * 2H,O and Nd,O, 2H,O. 


2. Anhydrous neodymium peroxide compounds were not obtained when the "residues" Nd,Os » 2H,O and 
Nd,O, * 2H,O were separated and subsequently dehydrated, 


3. The probable formulas of the peroxide-type solid phases which were distinguished are characterized by the 
presence of perhydroxyl and hydroxyl groups, and by oxygen bonds between neodymium atoms, 
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After studying the adsorption of mixtures of water and ethyl chloride vapor on activated charcoals [1,2], it ap- 
peared desirable to us to study the adsorption of mixtures of water vapor with the vapor of a nonpolar substance, for 
example n-heptane on an adsorbent of a different chemical nature, with a hydrophilic surface since, in this case, 
one could expect the roles of the two components to be interchanged during adsorption, As an adsorbent of this sort 
we selected commercial coarsely porous KSK silica gel, carefully purified by treatment with nitric and hydrochloric 
acid vapor, and washed with distilled water to constant electrical conductivity, The specific surface of this silica 
gel, determined by the BET method, was equal to 380 m?/g, and the total pore volume vs was 0,90 cm?/ g [3]. 


For the experiments we used double- distilled water and a very pure preparation of n-heptane with the constants 
d**, 0.6838 g/cm’, b.p, 98.4°, and n”D 1,3875, All the adsorption measurements were made at 75° by the volume- 
weight method [1]. Before each series of experiments, the silica gel was evacuated for four hours at a temperature 
of 200° and a pressure of about 1+ 105 mm Hg, This method of evacuation does not produce loss of structural water, 


while the physically adsorbed water is completely removed and, therefore, the subsequent adsorption of water vapor 
is strictly reversible in the adsorption region, 


Figure 1 gives the individual adsorption isotherms of n-heptane (curve A) and water (curve B); here and subse- 
quently the index 1 refers to heptane and the index 2 refers to water. For both isotherms, in the range of relative 
pressures h from 0,1 to 0,4, the BET equation is formally satisfied with the constants apy = 1.96 millimole/g and c = 
= 6.5 for the water isotherm, and ayn = 0.99 millimole/ g and c = 1,3 for the n-heptane isotherm, 


Figure 2 gives the experimental data on the combined adsorption of water and n-heptane in the form of curve 
a» = f(a) for five series of experiments, in each of which the quantity of water in the system remained constant, The 
data obtained were represented in the form of curves giving hz as a function of hy, a, as a function of hy, ag as a 
function of hy, a, as a function of hy, and a, as a function of hy for each series, and from these curves were constructed 
the more important sections of the thermodynamic adsorption surfaces of both components, 


In each series of experiments the relative pressure of water h,, remained practically constant and, therefore, 
the curves 1-5 on Fig, 2 are very close to the isobars hg = const. It follows from Fig. 2 that as the n-heptane adsorp- 
tion, a, increases, there is observed in all cases first a small reduction in the water adsorption a», but with further in- 
crease in a, the water adsorption stops changing and remains constant, independently of the quantity of adsorbed 
heptane, Curve 4 of Fig, 2 shows especially clearly that at h, = const,n-heptane is not able to replace water adsorbed 
on silica gel, even at hy = 1, This curve ends at the point C, lying on the straight line AB, going through the points 
a&, = 5.56 and ag, = 48,5 millimole/ g, lying on the coordinate axes and corresponding with the limiting values for 
the adsorption of heptane and water on the individual isotherms of Fig, 1. In the present case, both substances satisfy 
Gurvich's rule to an accuracy of approximately 1%, since the limiting adsorbed volume, determined for n-heptane, 
is v, = 0,880, and for water is vs = 0,892 cm®/g, Therefore, the straight line AB corresponds with constancy of the 
sum of the volumes of both substances in the filled adsorption volume, and represents the boundary, to the right of 
which no experimental points can be found under the condition of additive volumes of both components in the ad- 
sorbed state, Since the point C, corresponding with the last experiment of series four, lay very accurately on the 
straight line AB, this means that in the present system additivity of volumes is maintained, In view of the fact that 
in series four the isotherms were carried right up to the limiting values a), we are able to evaluate the effect of 


micromoles/ g a,, micromoles/ g 


(for A and C) 


Fig. 1. Individual adsorption isotherms: A) n-heptane; B) water; 
C) adsorption isotherm of n-heptane in the presence of water, 


a), millimoles/ g 


4 5 ay, millimoles/ g 


Fig. 2, Experimental data on the adsorption of vapor mixtures, 


adsorbed water on heptane adsorption over the whole range of values of hy. In Fig, 1, the adsorption isotherm of hept- 
ane at h, 0,31 (curve C, corresponding with series four) is given for comparison with the individual heptane adsorp- 
tion isotherm (curve A) over the whole region of variation of hy. For values of h, from 0,4 to 1, the curve C also 
corresponds with the constant water adsorption a, = 1.8 millimole/ g, as may be shown by constructing the curves ap = 
= f(a,) for series four, The isotherm C is very close in form to the isotherm A, and it likewise shows the character- 
istic property of being almost horizontal in the region of large hy values, 


In analyzing the results of the experimental study of the adsorption of mixtures of water and n-heptane vapor 
on silica gel, it must be kept in mind that, in the present case, the purely adsorptive interaction of the two substances 
with the solid surface is complicated by polymolecular adsorption and temporary condensation of vapor in the spaces 
between the elementary silica gel particles, The individual isotherms of Fig, 1 testify to the fact that adsorption in 
the monomolecular region is only a small part of the total amount of sorption at h = 1, and that the principal part of 
the absorbed substances is sorbed by a polymolecular adsorption mechanism or by capillary condensation, 
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Unfortunately, a study of the hysteresis region in the case of mixtures of vapors of two substances turns out to 


be considerably more complicated than in the case of a single substance, The thing is that, if we do aid desorption 
by reducing the partial pressure of only one component (for example, by condensing part of the water in the appara- 
tus), during the desorption of this component the adsorption of the other component is not reduced, but increased, 


ay, millimoles/ g 
3 


250 h 


Fig. 3, Adsorption isotherms of one component with 
constant adsorption of the other component, 


Therefore, in an experiment of this sort, we get a desorption 
point for the one component and an adsorption point for the 
other component, Apparently, the only right way to do the 
experiment would be to remove a certain amount of strictly 
equilibrium vapor mixture from the apparatus, or to lower 
the pressure of the vapor by slowly increasing the volume 

of the system, Neither of these possibilities was provided 
for in our apparatus and, therefore, we were obliged to give 
up trying to study the desorption branches in the sorptional 
hysteresis region of the mixtures, 


Going over now to the elucidation of the character- 
istic properties of the system being studied, we shall con- 
sider first of all the curve a; = f4(hy)a, shown in Fig, 3, i,e., 
the adsorption isotherms of n-heptane at constant values of 
water adsorption, and the curve a, = fo(he)ay» i.e., the ad- 
sorption isotherms of water at constant values of n-heptane 
adsorption, In Fig, 3, along with the individual n-heptane 
adsorption isotherm (curve A) are sketched the adsorption 
isotherms of heptane at a, = 1 and a, = 2 millimole/ g over 
a range of values of hy from 0 to 0,7, In examining these 
curves, our attention is called to the unexpectedly small 
reduction in n-heptane adsorption caused by adsorbed water, 
As was said above, the n-heptane adsorption isotherm for 
the range of hy from 0,1 to 0,4 is described by the BET equa 
tion with the constant ay, = 0.99 millimole/ g. The cor- 


responding ‘constant for water is arp = 2 millimole/g. If we start with the specific surface S = 380 m?/g, found from 
the adsorption of nitrogen vapor, and take the molecular area of heptane to be w = 45A?, the capacity of the mono- 
layer is ap) = 1,37 millimole/g, It might be thought from this that the range of hy from 0 to 0,5 on the individual 
isotherm corresponds mainly with monomolecular heptane adsorption, If we admit that the surface of coarsely por- 
ous silica gel is relatively homogeneous, then at az = 1 millimole/g the degree of filling of the surface with water 
molecules is 92 = 0,5, It would be expected that, for Langmuir adsorption of a mixture on a nonhomogeneous surface, 
for a fixed value of hy, the relative lowering in the heptane adsorption Aa, /a} at @, = 0.5 would be equal to, or 
greater than 0,5 while, in fact, as follows from Fig, 3,it amountsto only about 0,1, 


The form of the isotherm which we obtained for the adsorption of heptane on silica gel reminds us very much 
of the adsorption isotherms of isomeric hexanes on the surface of water, found in [4], by measuring the surface ten- 
sion, From our point of view, this similarity is caused by the fact that, in both cases, we are dealing with rather 
similar adsorption mechanisms, The surface of hydrated silica gel is covered with hydroxyl groups and, therefore, 
as regards adsorption, it suggests the surface of water to a certain degree, The interaction energy of a hydrocarbon 
molecule with a homogeneous water (or silica gel) surface is not large, and induction effects are probably absent, 
Therefore, Van der Waals attraction forces play a relatively large role, acting between the adsorbed molecules, and 
causing the concavity of the isotherm in its initial region, At the same time, the adsorption of water on the surface 
of silica gel is, in all probability, localized, the adsorption centers in this case being the hydroxy] groups on the sur- 
face, The adsorption of water molecules on centers of this sort cannot cause any appreciable change in the adsorp- 
tive properties of the surface toward heptane molecules, since the surface is covered with hydroxyl groups to start with, 


To explain the small magnitude of the relative lowering of heptane adsorption in the presence of water, it 
might be assumed that, for example at a, = 2 millimole/g, the whole silica gel surface is uniformly covered with a 
monomolecular water layer, and that the heptane is adsorbed on this somewhat modified surface with a lowered ad- 
sorption potential, However, this idea of a uniform coating of the silica. gel surface with adsorbed water molecules 


is not in accord with the facts, Somewhat later we shall present the considerations which contradict this assumption, 
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Fig. 4. Adsorption isobars of n-heptane and water, 


It seems to us more nearly correct to assume that, in combined adsorption, even at very large filling, the water and 
heptane form a microheterogeneous system, and that subsequent heptane adsorption occurs principally on nuclei of 


the condensed heptane phase, formed on the parts of the surface with an elevated adsorption potential, for example 
in the zones of contact of the elementary silica gel particles, 


Figure 3 also shows a family of water adsorption isotherms for constant amounts of adsorbed heptane equal to 
0, 0.2, 0.5, and 1 millimole/ g. Examination of these curves makes it possible to observe the relatively small effect 
which the adsorbed heptane has on the adsorbed water, Although the heptane capacity of the monolayer is am = 1 
millimole/ g, along the curve a; = 0,5 millimole/ g the "degree of filling of the surface" by heptane is 0, s 0.5, 
If all this heptane were uniformly distributed over the surface of the silica gel, we would expect that the water ad- 
sorption would be lowered by approximately 50%, while, as a matter of fact, the lowering amounts to only 15-18%, 


Thus, in the monomolecular surface filling range, both 
water and heptane interfere only slightly with one 
another's adsorption and, during adsorption on silica gel, 
there is comparatively weak competition, in contrast 
with the case of combined adsorption of these substances 
on activated charcoal, For a, = 1 millimole/g, the 
water adsorption isotherm in the region studied is practi- 
cally a straight line passing through the origin of co- 
ordinates, further increase in a, having no effect on the 
water adsorption isotherm, since all the curves for a; > 

> 1 millimole/ g coincide with this straight line, Hence, 
it may be concluded that there is some part of the sur- 
face on which water alone is adsorbed, Heptane can- 
not replace water from this part of the surface even when 
it is adsorbed in large quantities, 


One is inclined to think that, in a similar way, 
some part of the silica gel surface would show increased 
activity toward heptane, It is possible to come to this 
conclusion from inspecting the water-adsorption isobars, 


Fig. 5, Adsorption isosteres of n-heptane and water, 
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In Fig. 4, the heptane isobars h, = const are constructed in the coordinates a, a2 for values of hy = 0.1, 0.2, ... 
0.7, and the water isobars hy = const are constructed for values of h, = 0,1, 0.2,...,0.5, These two families of isc- 
bars give a very compact graphic representation of the system being studied, Going along the water isobars, hg = 

= const for a gradual increase in hy, the first thing that happens is a small reduction in water adsorption, amounting 
in all cases to about 0,4-0,5 millimole/ g, and then with further increase in hy, replacement of water by heptane 
practically stops completely, and the isopars hy = const run parallel to the axis of abscissas, This picture is observed 
for all the isobars studied, and is in agreement with the experimental curves of Fig, 2. Thus, the first portions of 
heptane partially replace the water even at az = 3 millimole/g, This means that some part of the silica-gel surface 
exhibits an increased value of adsorption potential for heptane in comparison with the rest of the surface, 


02 Q2 


Fig. 6. Adsorption of n-heptane and water with constant composition 
of the gaseous phase, 


h 


The fact is worthy of consideration that as h, is increased, the horizontal parts of the isobars hg = const begin 
at lower heptane pressures, From our point of view, these horizontal segments, along which heptane adsorption oc- 
curs without replacing water, are caused by capillary condensation of heptane, We shall illustrate this point of view 
from the isobars h, = 0.5, In the absence of heptane vapor, the water adsorption at hy = 0,5 is equal to 3,1 millimole 
per g. As soon as heptane appears in the system, the molecules of this component are adsorbed on the parts of the 
surface with the largest values of adsorption potential, i.e., most probably in the spaces between the contacting sili- 
ca-gel particles, and replace the water molecules from the surface of these localities, At hy = 0.3, approximately 
0.4 millimole/ g of water is displaced, and approximately 0.3 millimole/ g of heptane is adsorbed, The adsorbed 
heptane forms nuclei of the condensed phase in the contact zones of the silica-gel particles, With subsequent in- 
crease in hy, condensation of heptane vapor occurs on the liquid heptane meniscuses formed, this process having nothing 
to do with the replacement of water from the surface layer, since the adsorption potential on the surface of the liquid 
heptane meniscuses ishigher than the adsorption potential of heptane on the main part of the surface, If this assump- 
tion is correct, and the occurrence of a horizontal segment in the isobars hg = const corresponds with the beginning 

of capillary condensation of heptane, one would expect a priori that, as a, increases, the beginning of the horizontal 
portion of the isobars would move to the left. Qualitatively, this is obvious, Actually, as a, increases, the mean 
thickness of the adsorbed water layer on the silica-gel surface increases, Therefore, the mean equivalent pore radi- 


us of the silica gel should fall off with increasing aj, and the capillary condensation in the pores should begin at 
lower relative heptane pressures, 


If, from the isobars of Fig. 4, we make an approximate determination of the value of hf, corresponding with 
the beginning of the horizontal portion of the isobars hg, and we plot hf as a function of the amount of water adsorbed, 
we find a systematic decrease in h} with increase in aj, as is shown in the upper right-hand corner of Fig. 4 (curve 


h{). For the point a, = 0 on the hf curve, a value of hf was taken, corresponding with the point where hysteresis 
starts on the individual adsorption isotherm of heptane, 


On the basis of the hf curve of Fig. 4, we may come to the conclusion that, like heptane, the water is not 
distributed uniformly either over the silica-gel surface, at any rate during combined absorption of both substances, 
If the water is adsorbed in a quantity corresponding with the monolayer capacity, i,e,, at ay = 2 millimole/g, the 


value of ne is reduced from 0,53 to 0.40, From Kelvin's equation, the radius of curvature r of a spherical meniscus 
of a liquid with complete wetting is 


a, A A 
A 
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t = —2o0v/ RT (1) 


where o is the surface tension of the liquid, and v is its molar volume, If rq is the radius corresponding with the 
value h? = 0,53, and 1 is the radius corresponding with the value hj = 0.40, then, from Eq. (1), ry = 0.70rp, At the 
same time, fp = 26A since, at 75°, 0 = 14,8 dyne/ cm, and v = 157 cm*/ mole, Hence, r = 18A and, consequently, 
the thickness of the adsorbed water layer is equal to 8A, This value for the water monolayer is improbably large; 
therefore, one is inclined to think that the adsorbed water in the case under consideration covers the silica-gel sur- 
face nonuniformly and forms thicker layers in the finer pores, It follows from what has been said that, in the system 


under consideration, the adsorbed “solution” is microheterogeneous, even at comparatively small degrees of filling 
of the adsorptional volume, 


Figure 5 shows the family of heptane adsorption isosteres a; = const for values of a, equal to 0,2, 0.4,...,2 
millimole/ g, the family of water adsorption isosteres a, = const for values of a, equal to 0,4, 0.6,... , 2.4 milli- 
mole/ g, and the family of total adsorption isosteres ay + a2 = a42 = const for values of ay, equal to 0,5, 1, 2, and 3 
millimole/ g. The ay isosteres on Fig. 5 differ from the corresponding isosteres for the less-adsorbed component in 
the system ethylene — propylene — charcoal [5] in that there is no slow rise in the initial portion and in the sign of 
the curvature, The a, isosteres in the region of small values of hy are very reminiscent of the corresponding isosteres 
for the more-adsorbed component in the system mentioned [5]. However, at large values of hy, all similarity disap- 
pears, since the curves of Fig. 5 become practically parallel to the axis of abscissas, The a 2 = const isosteres are 
typical of systems having limited mutual solubility of the two adsorbed substances in the liquid state, which are char- 
acterized by large positive deviations from Raoult's law, At small degrees of filling the ay, = const isosteres are al- 
most linear, but as the parameter ay, increases, they become more and more convex and gradually approach the 
“right-angle" isosteres, characteristic of substances which are not soluble in one another, Like the isobar net of 
Fig. 4, the isostere net of Fig, 5 gives a very compact graphical representation of the system under study. 


In conclusion, we shall consider the sections, corresponding with constant composition of the gaseous phase, 
Figure 6 shows three such sections, constructed for values of mole fraction of water Ngo in the gaseous phase equal 
to 0.5, 0.4, and 0,3, The curves A and B are the individuai adsorption isotherms of heptane and water, The curves 
a,, located below the curves A, represent heptane adsorption isotherms for Nge = const, and the curves a, lying some- 
what below the curves B, correspond with water adsorption isotherms for constant composition of the gaseous phase. 


The relative pressure hy and hy are plotted as abscissas, 


If we gradually increase the pressure of the mixture of vapors having, for example, the composition Ng, = 0.5, 
over silica gel, at first the adsorption isotherms of heptane and water coincide with the corresponding individual iso- 
therms A and B, i.e,, the adsorption of each substance proceeds as though the other component were absent, On com 
pressing the mixture further, a small reduction in adsorption of each component occurs as compared with the adsorp- 
tion values on the A and B isotherms, If the parameter Ngp is reduced (i.e., the concentration of heptane in the 
gaseous phase is increased), the heptane adsorption isotherm a, approaches the curve A, the region of coincidence 
of the two curves broadening, At the same time, a noticeable reduction in the water adsorption is observed at all 
the lower pressures hg, However, in all cases (including other values of Ng, not shown in Fig, 6), the initial region 
remains approximately independent of the adsorption of the two components, . This fact gives evidence that the ad- 
sorption of water and n-heptane on silica gel in the monomolecular region occurs on different adsorption centers, 

As the parameter Ng, is reduced, a flex point appears on the water adsorption isotherm, and is gradually displaced 


in the direction of the origin of coordinates, This form of the a, curves is due to the existence of the limiting curve 
on Fig, 3 for ay =1, 


SUMMARY 


1, The volume-weight method has been used at 75° to study the adsorption of mixtures of water and n-hept- 


ane vapor on silica gel, and the more important sections of the thermodynamic surfaces for the adsorption of both 
substances have been constructed, 


2. In the monomolecular region, water and n-heptane exhibit unusually weak interference with one another's 


adsorption, In the initial region, the two substances are adsorbed practically independently of one another on differ- 
ent adsorption centers, 


3, Even at small degrees of surface filling in the system studied there is no appreciable formation of a sta- 
tistical two-dimensional solution of the two substances, Because of the inhomogeneity of the surface, the adsorbed 


“solution” is a microheterogeneous system, In the large sorption region capillary condensation of the two compon- 
ents occurs in different zones of the sorption volume, 
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The dehydrogenation of hydrocarbons belonging to the cyclohexane series has been studied by many investigat- 
ors, and a large amount of experimental material has been collected in this field, However, up to the present time, 


some questions relative to the reaction mechanism have remained unresolved, The views which have been advanced 
are as follows, 


Sextet Mechanism, According to this mechanism, the cyclohexane molecule is adsorbed flat, Removal of the 
six hydrogen atoms occurs simultaneously in the sense that what is desorbed into the volume is benzene only, and 
not some intermediate form, Therefore, no cyclohexane is to be observed in the gaseous or liquid phase, 


Ww 


This mechanism has been proposed [1] for metallic catalysts with a cubic or hexagonal lattice and interatomic 
distances from 2,48A (Ni) to 2,77A (Pt). Confirmation of this mechanism has been found in [2-6], The sextet me- 
chanism for the dehydrogenation of cyclohexane on metallic catalysts is distinguished by the following features: a) 
the reaction takes place in the low-temperature range; b) activation energy is small; c) there is no cyclohexane in 
the reaction products, However, the sextet mechanism turns out to be unsatisfactory for explaining the way the re- 
action proceeds on some metals, This is shown, for example, in the papers of Balandin, Karpeiska, and Tolstopyat- 
ova [7,8], where the reaction proceeds according to the sextet mechanism with a ragnium catalyst on charcoal at 


low temperatures, while with the less active catalysts ragnium on Al,O3, and ragnium on asbestos at high tempera- 
tures, the doublet mechanism is the probable one, 


Even earlier, Balandin and Brusov [9] pointed out that dehydrogenation of hydrocarbons, including ethane, on 
palladium at high temperature should take place according to the doublet mechanism, A sideways doublet orienta- 
tion of the cyclohexane molecule is also possible in catalysis over a platinum catalyst at high pressure, since, at 
high temperature and pressure, the plane sextet orientation tries to go over into a sideways doublet orientation, This 
is found to have a theoretical explanation, As the temperature is increased, the molecular motion becomes stronger, 
and the cyclohexane ring comes to be fastened to the surface not by six, but by two carbon atoms, around which the 
molecule begins to oscillate, A similar fact was observed in our laboratory during studies on the adsorption of alco- 
hols on aluminum oxide, As the temperature is raised, the orientation of the adsorbed molecules relative to the 
aluminum oxide surface changes from parallel to perpendicular, which is observable from the reduction in element- 
ary area [10], Raising the pressure in the system being dehydrated should also be accompanied by densifica- 
tion of the layer of adsorbed molecules, The latter, as a result of side forces, try to distribute themselves more com- 


pactly on the surface, as in the films on a liquid in Langmuir's experiments, This should also cause sideways orienta- 
tion to predominate over the plane, 


Doublet Mechanism, In this mechanism, the cyclohexane molecule is adsorbed lying on its side with the rup- 
ture of two C — H bonds, In this case, a crystalline catalyst is not required, In the dehydrogenation of cyclohexane, 
the hydrogen molecules are taken off in a definite order, forming cyclohexene, cyclohexadiene, and benzene: 
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The sideways doublet mechanism for the dehydrogenation of the cyclohexane ring on oxide catalysts was first 
proposed in a paper by Balandin and Brusov [9]. It is distinguished by the following features: a) Cyclohexane de- 
hydrogenation in a high range of temperatures; b) Large activation energy; c) Unsaturated hydrocarbons in the reac- 
tion products, The dehydrogenation kinetics of cyclohexane on chromium oxide has been studied in papers by 
Balandin and his co-workers [9, 11-13], as well as by a number of other authors [14-19], 


It was shown that for catalysts prepared in different ways the activation energy € of the reaction in question 
lies within the limits 13-41 kcal/ mole, This difference in the values of the activation energy is apparently caused 
by the fact that, in some cases, the authors were dealing with x-ray amorphous chromium oxide, while in other cases 
they were dealing with the crystalline form, Rode [17] has described crystalline chromium oxide samples with € = 
= 13,3 kcal/mole, while for amorphous samples, independently of the method of preparation, she found values of 
activation energy € = 33,4 kcal/mole, In [18], a value of € = 33,0 kcal/ mole is also given for amorphous chromi- 
um oxide, One is obliged to feel that, carrying out the reaction in the high-temperature range and the high value 
of activation energy are characteristic only of amorphous chromium oxide. 


Mechanism of Dehydrogenation of Cyclohexane Through Irreversible Catalysis. Kagan and his co-workers 
[20-24] have continued in their view that the first stage of the reaction consists in removing hydrogen from three 


molecules of cyclohexane to form cyclohexene and liberation of hydrogen into the volume, The cyclohexene, not 
being desorbed, undergo irreversible catalysis, 


(a) + 3H; 


The authors adduce some arguments in favor of the mechanism in question which, however, are not satisfact- 
ory. In addition, as Kiperman has shown, the schemes offered for the mechanism are,in general,unsatisfactory from 
the point of view of the principle of detailed equilibrium, 


Platé [25] has proposed that on a catalyst consisting of vanadium oxide on aluminum oxide there are two types 
of active centers: doublets, and sextets, In Davis's paper [26], it was shown that the structure of crystalline chrom- 
ic oxide is such that a plane distribution of cyclohexane molecules on its surface is possible and, consequently, the 
reaction can proceed according to the sextet mechanism, Herrington and Rideal [15] consider that on a chromium 
aluminum catalyst the dehydrogenation of cyclohexane follows a sequential doublet scheme, with desorption of cy- 
clohexane into the volume, Recently a paper appeared by Noller and Hantke [27], in which the dehydrogenation of 
cyclohexane to benzene on metals is considered to be a step process, since the heat of reaction (48 kcal/ mole) is 
greater than the apparent activation energy (€ = 6-20 kcal/mole), On this basis, the authors mentioned reject the 
sextet mechanism, However, a stepwise reaction is not in contradiction with this mechanism, The sextet mechan- 
ism may occur in steps (compare [28]); the hydrogen may be split off from the cyclohexane molecule in a definite 
order, until the benzene is desorbed, Therefore, Noller and Hantke's objections do not refute the sextet mechanism, 


EXPERIMENTAL 


The chromium oxide catalyst used in the work was crystalline «-Cr,O3, as was shown by x-ray structure and 


electronographic methods, The initial materials, preparation of the catalysts, and the technique of carrying out the 
experiments are described in our previous paper [29]. 


0-0 


a 


TABLE 1, Cyclohexane Dehydrogenation on Chromium Oxide Catalyst (Catalyst volume 5 ml, material addition 
rate 0.167 ml/min, €= 14,5 kcal/ mole, Kp = 0.4 * 108, €/ logygky = 2.6, Voy, 18 the quantity of hydrogen liberated 
in the reaction from 0,167 ml of cyclohexane, my, = Vou,’ referred to one ml of catalyst) 


Cyclohexane, converted to benzene, ‘% 


from from 
gas composition 


catalysate composition 
10,7 


MH, 
calc, at € = 14,5 
and log ky = 5.5557 


My, » 


YoH,’ 2 
ml/ min * ml « cat 


ml/ min 


The cyclohexane dehydrogenation on the catalyst sample in question was carried out over the temperature 
range 330-400° (Table 1), The activation energy was €= 14,5 kcal/mole; € / logygky = 2.6 (Fig. 1). 


Cyclohexene was not observed in the liquid reaction products (Rosenmund titration), A chromatogram also 
showed that only cyclohexane and benzene were present, The gaseous reaction products consisted of pure hydrogen. 


The activity of the catalyst was constant throughout the course of any given experiment, and on going from one ex- 
periment to another, 


Experiments with cyclohexene showed that over the temperature range 210-350° irreversible catalysis occurs, 
inasmuch as, at the lower temperatures (210-250°), there is simultaneous hydration of cyclohexene to cyclohexane, 
while at temperatures of 280° and above there is dehydrogenation of 
cyclohexene to benzene, It was not possible to determine the activa- 
tion energy of the irreversible catalysis, since the catalyst was not 
sufficiently stable in these experiments, It is interesting to note that 
in the experiments with cyclohexene, methylcyclopentane was observed 
in the liquid reaction products, the quantity of which increased with 
the temperature, as well as a small admixture of methylcyclopentene 
(Table 2), The results shown suggest that in the case investigated, 
plane orientation of the cyclohexane molecules occurs, 


log Vo 
20 
49 


€ = 14,5 kcal/ mole 


The results obtained are somewhat in contradiction with [9, 12]. 
However, the reason for this contradiction is obvious, since, in all 


150 155 160 165 ~! 19° probability, the authors were dealing with amorphous chromium oxide; 
. the preliminary treatment with hydrogen at 450°, used in these papers, 
Fig, 1 is insufficient to convert it to the crystalline state [17]. 


To confirm the assumption of a plane mechanism, some addi- 
tional experiments were set up in collaboration with G, V. Isagulyants and Yu, I, Derebentsev, using tracer atoms, 
which will be described in a subsequent communication, The experiments were set up as follows, A mixture of 
labeled cyclohexane and unlabeled cyclohexene or unlabeled cyclohexane and labeled cyclohexene was passed over 
the catalyst. In the first case, the appearance of labeled atoms in the cyclohexene, and in the second case a reduc- 
tion in the number of labeled atoms in the cyclohexene resulting from dilution, would show that cyclohexene is 
formed as an intermediate product, i,e,, that there is a stepwise reaction scheme, In the opposite case, it must be 
assumed that the mechanism is plane or, more accurately, that the cyclohexane is converted into benzene on the 
surface of the catalyst without releasing any intermediate forms into the gaseous phase, 


It was shown that, in the experiments with labeled cyclohexane, the only transfer of labeled atoms that was 
observed was in benzene, In the experiments with labeled cyclohexene, the radioactivity was not reduced, These 
results are in good agreement with one another and show that the dehydrogenation of cyclohexane to benzene occurs 
without intermediate formation of cyclohexene, desorbed into the volume, It is interesting to note that in [30] and 
[31], in studying the mechanism of the dehydrogenation of butane to divinyl on an oxide catalyst, the opposite pic- 
ture was observed, i.e,, the dehydrogenation goes in two stages, in that all the butylene formed from the butane is 
desorbed from the catalyst before any further reaction occurs, 


| 
335 11,13 2.23 2.21 
347 14,17 2.83 2.79 13,7 = 
368 18.63 3.73 4,10 18.0 17.5 
376 22,77 4,55 4,41 22.0 22.0 
395 32.77 6,55 6.49 31.6 31.5 
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TABLE 2, Conversion of Cyclohexene with Crystalline a— CrOg; 


Chromatographic analysis of Catalysate**, % 
H | 


| CH 


209 0 8.9 1,6 89,0 88,3 0,6 

210 0 14,0 0.6 84,7 84,5 0,7 » 
235 0 16,4 3,3 79,6 77,4 0,6 » 
254 0 23,3 8,3 67,5 69,0 0,95 0 
272 0 37,1 25,1 ©9,0 30,9 2,15 0 
278 8.2 37,3 19,1 51,7 45,2 1,90 0 
314 56,0 25,9 17,6 25,9 -- 4A 0 
352 106 ,0 31,0 50,0 16,0 _ 3,2 0 


* Original cyclohexene contains 1.3% cyclohexane and 0.3% methyl cyclopentane. 


** Analysis of catalyzate was performed by T. K, Lavrovskii on the chromatograph 
apparatus described in [34]. 


DISCUSSION OF EXPERIMENTAL RESULTS 


It follows from the results of this work that the stepwise doublet mechanism of cyclohexane dehydrogenation 
accompanied by liberation of cyclohexene from the catalyst surface is not applicable to crystalline a-Cr,O3, Kagan's 
mechanism also drops out of the picture, since the schemes provided by this mechanism are in contradiction with the 
principles of detailed equilibrium and, consequently, are incorrect. The results obtained come closest of all to the 
plane sextet mechanism, Speaking in its favor, in addition to the results of the radiochemical study, are the results 


of the kinetic measurements which we found in the present 


paper: a) the reaction occurs in the low-temperature range; 
b) the activation has the small value € = 14,5 kcal /mole; c) 
there is no cyclohexene in the reaction products; d) there is no 
methylcyclopentane in the catalyst, although it occurs in con- 
"4 


siderable quantities in experiments with cyclohexene; and e) 
the catalyst is stable in experiments with cyclohexane, and 
the catalyst is inactive in contact with cyclohexene, Never- 
theless, the usual sextet mechanism, which occurs with metals, 
is not applicable here, since on CrgO, (D5, lattice) there are 
no faces, corresponding with the (111) faces of platinum and 
other metals with a type A 1 lattice, which actually showed 
the sextet mechanism (Fig. 2), 


Fig. 2, 


Crystalline a-Cr,O3 has an «-Al,Og3-type structure, The 
oxygen atoms form an almost undistorted hexagonal close pack- 
ing. The chromium atoms are ir. octahedral voids, and the 
chromium atoms are arranged in a layer according to the Cor- 
undum law in which two filled octahedral voids alternate with 


an unfilled one, Thus, on the surface of chromium oxide there 
are regular hexagons, consisting of chromium atoms, which form a network similar to the network of carbon atoms 


in the basopinacoid lattice of graphite, but with a larger interatomic distance, namely d = 2,83 A (according to 
V. M, Akimov's calculation), This value of d satisfies the requirements of the principle of conservation of valence 


angle of carbon atoms [32], Thus, in a-Cr,O3, the chromium atoms form a face similar to the (111) face of plati- 
num, but with regularly alternating vacancies, 


Fig. 3, 


In a paper by one of the authors [1], consideration was given to the ways in which a six-numbered ring may be 
located on the (111) face of an A 1 lattice and still maintain hexagonal symmetry, There are four such cases (see 
Fig, 2), Cases II and III are excluded because of the fact that these distributions of the carbon ring are sterically 


hindered by the hydrogen atoms of cyclohexane, which may easily be seen if we construct models, Let us note that 4 


the model for case III of Fig. 2 is nothing but the model proposed by Trapnell as an improvement on the sextet model. 
From what has been said, it is clear that Trapnell's proposal is unacceptable, 


Case I of Fig, 2 is the sextet model. There is no distribution of chromium atoms of this sort in the «-Cr,O, 
lattice, As far as Case IV is concerned, it is possible here if we remove the central metal atom from the Case IV 
model, which corresponds with the vacancy that we spoke of above. Thus, the dehydrogenation of cyclohexane on 
crystalline chromium oxide is best described by the model shown in Fig. 3 of the present paper, This configuration 
provides for superposition on a hexagon of chromium atoms (d = 2,83 A) of a hexagon of carbon atoms from cyclo- 
hexane (d = 1,52 A) in such a way that the centers of both hexagons coincide, and the hexagons are rotated 30° with 
respect to one another in the plane of the drawing, The cyclohexane ring becomes plane under the influence of the 
adsorption forces, In the transition of cyclohexane from the trans form to the cis form as an intermediate form, the 
plane form must necessarily arise, and fastens itself onto the surface because of adsorption. In process of being torn 
off,the hydrogen atoms fall into the hollows between two chromium atoms, as in the model for dehydrogenation of 
open chains, It may be seen that the new model of the multiplet active complex (Fig. 3) for the dehydrogenation 
of hexahydroaromatic compounds on crystalline oxides of «-Cr,Og type fits both the results of the kinetic and radio- 
chemical study, and the structural peculiarities of these molecules and «-Cr2Ox. 


SUMMARY 


Dehydrogenation of cyclohexane on crystalline «-Cr,O03 proceeds according to a sextet-type mechanism, This 
conclusion agrees with the structural principles of multiplet theory, 
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The stereochemistry of electrophilic and homolytic substitution at an olefine carbon atom has been studied in 
detail by Nesmeyanov and his co-workers [1], As a result of these studies a rule was formulated, called "Nesmeyanov 
and Borisov's rule” in the literature, to the effect that geometric configuration is rigorously maintained in reactions 
of the type under discussion, However, up to the present time, the kinetics of these reactions have not been studied, 
which makes it difficult to decide what the nature of the elementary act is, 


In the present paper, we are beginning a study of the kinetics of electrophilic substitution at an ethylene carb- 
on atom, effected by a halogen, as well as a study of the effect of the solvent on the reaction rate using, in the first 
instance, the reaction of trans-8 -chlorvinylmercury chloride with iodine in dioxane, 


Cl- CH = CH- HgCl + 1, (Cat) Aqueous Dioxane _ = CH-14 HgCll(Cdk) 


It is well-known that the reaction of alkylmercury halides, as well as 4-camphylmercury chloride with iodine 
in dioxane goes according to a radical mechanism, In the presence of an excess of lithium iodide in aqueous diox- 


ane this same reaction goes according to an electrophilic mechanism, as proposed by the authors, through the follow- 
ing transitional state (A): 


I 
RHgX 1,(1) —» RI + HgXI(1) 


(A) 


As the source of halogen ions, we used cadmium iodide, since the iodides of monovalent metals react with 
the initial mercuroorganic compound, The fact that there are no reactions between cadmium iodide and the initial 
Biginelli compound during the interval of time in which the electrophilic substitution is taking place was demon- 


strated by special auxiliary experiments in which the cadmium iodide was titrated out quantitatively with mercuric 
chloride, 


+ The reaction rate of trans-6 -chlorvinylmercury chloride with iodine in excess cadmium iodide was measured 


in 85% aqueous dioxane, The kinetic measurements were made by the colorimetric method on an FEK apparatus 
with a green filter, The reaction was carried out with equimolecular concentration ratios of the reacting substances, 
equal to 0,5 + 107* and 1+ 10°* mole/ liter, and cadmium iodide concentrations equal, respectively, to 0.5 + 107? 
and 1+ 10°* mole/ liter, The Lambert-Beer law was applicable to the solutions, Figure 1 gives the linear relation 


between the optical density and the initial iodine concentration in cadmium iodide solutions d = f (c), in 85% 
aqueous dioxane, 


EXPERIMENTAL 


The dioxane was purified by the method described in [3], To the dioxane solution of trans-8 -chlorvinylmer- 
cury chloride in a thermostat was added a solution, previously held at the same temperature, of iodine and cadmium 


TABLE 1, 


-3 
x 1-10 “ mole 


} 10°° mole/ liter 


t. sec | d 


1,350 

100 1,250 
160 1,200 
240 1,130 
360 1,040 
760 0,860 
1020 0,755 
1380 0.670 
1500 0,630 
1740 0,596 
1800 0,575 
2160 0,530 


TABLE 2, 


10°, 
mole/ liter 


10 


a 05 1 ¢-10; data is given in Table 3, The data of Table 3 was used to construct a 
mole/liter curve of logy(dp/ d) = f ( 7) (Fig. 3) for different initial reagent con- 
Fig. 1. The linear relation between the centrations, The linear form of logy9(dg/ d) as a function of T shows 
optical density and initial iodine con- that the reaction is first-order with respect to iodine, The reaction 
centration in cadmium iodide solutions under consideration is of first-order with respect to iodine and, conse- 


d= f (c), in 85% aqueous dioxane, 
TABLE 3, 


CoRHgX™ 10 mole/ liter 


= 107? mole/ liter 


“Cdl, 


The linear form of the curve of (dy — d) /d = f (1% shows the over- 
all second order of the reaction and the consistency in the values of the 
constants Ky, From the curve of Fig. 2, mean graphic values of the 
half-exchange periods were found, which were used to calculate the 
rate constants of the second-order reaction (Table 2) 


Co],= 0.5 + 10°* mole/ liter 


-2 = je “3 
Cocdl, = 9-5 10 mole/ liter” = 1° 10 * mole/ liter 


sec | 


0,730 
0,520 
0,300 
0,140 


d 


0,730 
0,705 
0,635 
0,590 
0,570 
0,520 
0,480 
0,445 
0,410 
0,390 
0,350 
0,320 


iodide in aqueous dioxane so as to give 85% dioxane in the final result. 
The moment the second reagent was added was taken as the beginning 
of the reaction, After a definite interval of time, a sample of the solu- 
tion was taken out of the vessel, and a measurement was made of the 
optical density, Table 1 gives the experimental data on the variation 


of optical density with time for the initial reagent concentrations used 
at 20°, 


The data of Table 1 were used to construct a curve of (dy — d)/d 
a VA against T (Fig. 2) for the various reagent concentrations, 


1 


To determine the order of the reaction for each of the compon- 
ents, the reaction kinetics were measured with a large excess of mer- 
curoorganic compound (otherwise, the conditions under which the re- 
action was carried out were kept the same as before), Experimental 


quently is of first-order with respect to the mercuroorganic compound, 


CoRHgX™ 0.5+ mole/liter CoRhgx= 10 mole/ liter; 


= 1° 10 4 mole/ liter; 


0,163 
0.123 
0,070 
0.045 
0,034 


0 
60 
360 
540 
720 
1080 
1440 
1800 
2160 
2460 
2980 
3600 
sec, liter/mole+ sec 
1 1350 0,740 
as 
d 
0 0 
7 7 
17 17 
30 25 
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1000 2000 3000 T sec 


Fig. 2, Graphs for various initial concentrations of reagents : 
1) 1° 107* mole/liter; 2) Cg= 0.5-10™ mole/liter. 


TABLE 4, 


0 10 20 80 T,sec 


Fig. 3. Curve of logi(do /d) = f(T) for the 
pseudomonomolecular reaction: 1) CoRHgx™ 


= 0,5 + 10°? mole/ liter; coy, = 0,5 + 10- 
mole/ liter; = 1° 10°* mole/liter, 
Co, = 1+ 10™ mole/ liter, 


From the graphically averaged value of the half-exchange period, 


the rate constant of the pseudomonomolecular reaction was deter- 
mined, 


= 8,25-107 sec", 
"Ie 


The reaction kinetics at the temperatures 10, 20, and 25° were 
measured for concentrations of the mercuroorganic compound and 
iodine equal to 1+ 10°* mole/ liter, and a concentration of cadmium 
iodide equal to 1 - mole/ liter. The change in optical density 
with time is given for the temperatures in question in Table 4, 


Curves of (dp — d)/ d against 7 are given for all temperatures 
in Fig. 4. 


The second-order rate constants at temperatures 15, 20, and 
25° were found from the graphically averaged values of the half- 
exchange periods, The values of the half-exchange periods, the re- 
action rate constants, their logarithms, the corresponding absolute 
temperatures, and their reciprocals are given in Table 5, 


The logarithm of the reaction rate constant as a function of 
the reciprocal of the temperature is given in Fig. 5. The curve of 
logyo Ke = f G/T) gave the following parameters in the Arrhenius 


equation: E = 13,6 kcal/ mole, logyA = 10,0, and activation entropy 
AS = —12.8 entropy units at 25°, 


4,4 
da ! 
15 
2 
10 
G5 
15° 2u° 25° 
| d | «sec | d 
7 0 1,350 0 41,350 0 4,350 
45 1,310 100 4,245 130 4,100 
90 1,290 160 1,200 306 0.990 
180 1.230 240 41,120 378 0'940 
270 1,195 360 1,040 540 0/820 
7 360 4,130 760 0.860 675 0.750 
900 0.930 1020 0.755 7195 0.690 
41080 0,860 1380 0.670 4080 0,590 m 
1440 0,780 1500 0,630 1260 0,540 
2160 0,640 1740 0,596 
2700 0,560 1800 0,575 
1980 0.550 
2460 0,530 
d 
| 
? 
é 
4 
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TABLE 5, 


T Ke, 
liter /mole sec 


1940 0,516 —0,288 


A study was made of the stereochemistry of the re- 


0 000 2009. sec action of trans-8 -chlorvinylmercury chloride with iodine 

in excess cadmium iodide in 80% aqueous dioxane. To 
Fig, 4, Curve of (dy— d)/d = f(T) for various temp- bins 
eratures: 1) 15°; 2) 20°; 3) 25°, ww om 


3,66 g (0.1 mole) CdlI,, After disappearance of the iodine 
color, the dioxane was distilled off from a flask provided 
with a deflegmator, The residue was filtered off from the 
precipitate of HgClI + Cdl,, and the precipitate was 
washed on the filter with petroleum ether, After distilling 
off the petroleum ether, the residue was fractionated on a 
microcolumn, The yield was 0,92 g trans-1,2-chloriodo- 
ethylene (49% of the theoretical) with b.p. 110-112°, and 
n45D 1.5702, The data in the literature are: trans-chlor- 
iodoethylene, b.p, 113-114", and n'5p 1,5714; cis-chlor- 
iodoethylene, b.p. 1,5828 [4]. 


SUMMARY 


1, A study has been made of the reaction of trans- 
8-chlorvinylmercury chloride with iodine in excess cad- 
mium iodide in 85% dioxane, 


2, The over-all order of the reaction is equal to 
Fig. 5. Logarithm of the second-order constant as a 
two, It is first-order for each of the components, The 
function of the reciprocal of the absolute temperature, 
rate constants of the second-order reaction have been de- 
termined at various temperatures, 


3. The following parameters have been found for the Arrhenius equation: E = 13,6 kcal/ mole, logyA = 10.0, 
and activation entropy AS = —12,8 entropy units at 25°, 


4, A study has been made of the stereochemistry of the reaction, Under the conditions used, the reaction pro- 
ceeds with strict conservation of configuration. 
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Many organic products, in particular lubricating oils and polymeric materials, are, in the course of use or treat- 
ment, subject to the action of high temperatures in the presence of atmospheric oxygen. To increase the stability of 
materials of this sort toward thermooxidational destruction, use is made of additions of antioxidants and oxidation in- 
hibitors, usually phenols, aromatic amines, sulfides, phosphoric acid esters, etc, [1]. However, the theory of the ac- 
tion of oxidation inhibitors has been very unsatisfactorily worked out, and lags far behind the achievements and re- 
quirements of practice. In particular, the existing theoretical concepts require a linear relation between the induc- 
tion period in the inhibitor concentration, at least at concentrations exceeding some minimum "critical" value [2-4], 
while for the most part no such relationship is fulfilled in practice [5-8]. 


We have studied the oxidation of linear isotactic polypropylene above its melting point in the presence of in- 
hibitors such as p-phenylenediamine derivatives and alkylphenols. Here, in addition to the relation between the in- 
duction period and the inhibitor concentration and the temperature, a study was made of the change in inhibitor con- 
centration with time in the induction period. To this end, a technique was worked out for quantitative distillation of 
unconsumed inhibitor out of the polypropylene sample, followed by a spectrophotometric determination, Experiments 
have shown that an inhibitor with a molecular weight of ~300 is practically completely distilled out of a 50-mg 
sample of melted polypropylene on the bottom of a vessel ~1 cm in diameter in vacuum at 200°C after 30 minutes. 
The technique of measuring the oxidation-induction periods was described in one of our previous papers [9]. 


The most detailed study was made of the oxidation of polypropylene in the presence of the alkylphenols: 2,6- 
di-(1,1-dimethylhexyl)-4-methylphenol (I) [10], and 2,2*-methylene-bis-(4-methyl-6-tert,butylphenol) (II), The 
experiments have shown that the monophenol (I) lengthens the induction period of polypropylene oxidation (Fig. 1, 
Curve 1) by an insignificant amount at 200° and 300 mm oxygen pressure, even in large concentrations, although at 
lower temperatures the effectiveness of this substance is markedly enhanced (Fig. 1, Curve 2), The biphenol (II) 
(Fig. 1, Curve 3) is considerably more effective, and the nature of the relation between the induction period in the 
concentration is markedly different for mono- and biphenol [(I) and (II)]. It is interesting that adding inhibitor (I) 
to polypropylene containing inhibitor (II) produces pronounced shortening of the induction period for polypropylene 
oxidation, although the total amount of inhibitor in the sample is increased (Fig. 1, Curves 4 and 5), The same ef- 
fect is produced by adding «-naphthol, The induction period for polypropylene oxidation in the presence of phenols 
is strongly dependent on the oxygen pressure, and drops off rapidly with increase in pressure, 


Figure 2 shows thecurve of change in concentration in the inhibitors (I) and (II) in the induction period, The 
consumption of inhibitor (I) was observed at 180°, since this inhibitor is consumed too rapidly at 200°, It may be 
seen from Fig, 2 that, while (II) isconsumed according to a first-order law as long as the concentration exceeds criti- 
cal (effective rate constant equal to 1,9 - 10~* sec”), the concentration of (I) varies according to a more complicated 
law. Experiments with different initial concentrations of (I) and (II) have shown that the rate of inhibitor consump- 
tion may, to a first approximation, be considered a function of its concentration alone (at constant temperature and 
oxygen pressure), It may also be seen from Fig, 2 that, even with inhibitors having a molecular weight of about 300, 
about 10% of the inhibitor evaporates out of the sample being oxidized under our experimental conditions, 
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100 150 200 250 t, min. 
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Fig. 1. Induction period of polypropyl- 


Fig. 2, Change in concentration of inhibitor (1) 
ene oxidation as a function of phenol 


(Curve 1, left-hand scale) and (II) (Curve 2, 
concentration: 1) inhibitor (I), 200°; 2) right-hand scale), in the induction period of poly- 
inhibitor (I), 180°; 3) inhibitor (II),200°; propylene oxidation. The curves 3 [inhibitor (I)] 
4) mixture of 0.1 mole/ kg of (II) with and 4 [inhibitor (II)] are the change in amount of 
a variable amount of (I); 5) mixture of inhibitor, distilled off in the course of the experi- 
0.02 mole/ kg of (II) with (I), 200°, The ment onto the walls of the reaction vessel. 5 is 
abscissas are the concentration of phen- the difference between Curves 2 and 4 with 
ol groups, i.e., the product of inhibitor logio[I]p/ [1] plotted against time. Temperature 
concentration by the number "n" of 


180° for experiments with (1), and 200° for (II). 
phenol groups in the molecule, Po, = 300 mm, 


T, mi 
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10%, 
mole/ deg 

Fig. 3, Induction period for the oxida- 

tion of polypropylene as a function of 

the concentration of N-phenyl-N'- 

cyclohexyl-p-phenylenediamine (IV): 

1) at 190°; 2) 200°; 3) 210°. po, = 

= 300 mm, 


10 


2 
10° 


Fig. 4. Induction period for the oxidation of 
polypropylene as the function of the concentra- 
tion NN‘-dicyclohexyl-p-phenylenediamine (V): 
1) at 190°; 2) 200°; 3) 210°, po, = 300 mm. 


We have also studied the oxidation of polypropylene in the 
presence of NN'-di-phenyl-p-phenylenediamine (III), N-phenyl- 
N'-cyclohexyl-p-phenylenediamine (IV), and NN*-dicyclohexyl-p-phenylenediamine (V), In the case of (III), we 
were not able to represent the experimental relationship between the induction period and the inhibitor concentra- 
tion in the form of a continuous curve. Up to 0,01 mole/ kg, (III) has almost no effect on the induction period, from 
0.01 to 0,05 mole/ kg a large spread is observed (from several minutes to 5 hr), above 0,015 mole/ kg, the induction 
period changes very little with concentration,and amounts to about 5 hr, 


Replacing one of the phenyl! groups in (III) with cyclohexyl causes simultaneous subreduction in the critical 
concentration and lengthening of the induction period (Fig. 3). The curves of induction period as a function of con- 
centration for an inhibitor like N-phenyl-N'-cyclohexyl-p-phenylenediamine (IV) are similar in form to the analo- 
gous curves for biphenol (II), In length of induction period (T = 12,5 hr at 200°, po, = 300 mm), (IV) exceeds both 
diphenyl-p-phenylenediamine (III), and NN*-dicyclohexyl-p-phenylenediamine (V) (Fig. 4). Figure 5 shows the 
changes in concentration of (IV) and (V) in the polypropylene being oxidized during the induction period. The form 
of these curves suggests the consumption curves of biphenol, and likewise they transform into straight lines when 
logy [T]p/ [I] is plotted against time, i,e,, (IV) and (V) are consumed according to a first-order law with the effective 
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constants 9 * 107® sec”! for (IV) and 1° 10°* sec! for (V). In the case of (V), the initial inhibitor is practically all 
used up approximately after the first half of the induction period, after which the reaction is retarded by its trans- 


formation products, Retardation of the reaction by nonvolatile products of inhibitor transformation have also been 


Second induction period, 
min, for (IV) 


The same, for (V) 


observed in the case of inhibitor (IV). At the end of the induction period, these products disappear, too (see table), 


Second Induction Period for the Oxidation of Polypropylene, Stabilized with (IV) and (V) 
as a Function of the Length of Original Oxidation (After the first oxidation the uncon- 
sumed inhibitor was removed, Temperature 200°, po, = 300 mm Hg, [I]p = 0.03 mole/kg) 


The amines (IV) and (V) are easily oxidized by oxygen, In particular, this explains the form of the inhibitor 
evaporation curves in Fig. 5. The inhibitor, which distills over onto the walls of the reaction vessel, which are heated, 


but not to 200°, is gradually oxidized, as a result of which the curves, showing the quantity of inhibitor on the vessel 


moles/kg 


0 
00 200 300 600 t, min 
Fig. 5. Change in concentration of inhibitors (IV) and 
(V) in the induction period. 1 (V) and 2 (IV) are total 
amount of inhibitor; 3 (V) and 4 (IV) are amount of 
inhibitor on the walls; 5 (V), and 6 (IV) are amount of 
inhibitor in the polypropylene sample (difference be- 
tween Curves 1 and 3, as well as between 2 and 4), 

Plot of logy9[T}p/ [1] against time at 200°, po, = 300 mm. 


walls (Fig. 5, Curves 3 and 4), go through a maximum. 
The inhibitor (V) has a perceptible oxidation rate even 
at room temperature, 


Comparing the results obtained (first-order inhibit- 
or consumption at large concentrations, induction periods 
strongly dependent on pressure), we came to the conclu- 
sion that the inhibitors (II), (IV), and (V) are consumed 
principally by direct oxidation and the secondary proc- 
esses connected with it, Inhibitor oxidation also initiates 
oxidation of the polymer itself, Molecular weight deter- 
minations have shown that, for every five molecules of 
inhibitor (II) consumed, there is one rupture of a polymer 
chain, in experiments in which the initial concentrations 
and, consequently, the rates of consumption of (II), were 
widely different. These results are confirmed by the 
data from spectrum analysis, In the oxidation of poly- 
propylene, stabilized with (II), a product appears, the 
spectrum of which coincides with the spectrum of the 
oxidation products of the polymer, and the quantity of 
which is proportional to the amount of inhibitor used up. 
In the case of (V), small concentrations of this easily 


oxidized inhibitor shorten the induction period for the oxidation of polypropylene, 


The idea that the relation between induction period and inhibitor concentration fails to be linear at high con- 
centrations because of oxidation of the inhibitor has been expressed previously [11,12], We have also suggested that 
the inhibitor can take part in degenerate chain branching. Two active free radicals are formed at one and the same 


place, in one “cell,” so to speak, during decomposition of one molecule of a branching product, for example a hydro- 


peroxide, in a liquid or solid hydrocarbon medium, Recombination of these radicals into the original product can 
be reflected only in the rate, but not in the results, of the reaction, However, if one of the free radicals undergoes 
a reaction with a hydrocarbon molecule, located in the same “cell,” the free hydrocarbon radical formed can re- 


combine with the second radical to form a stable product, for example 


ROOH RO: + -OH 


R’H + OH > R’* + H,0 (1) 


+ RO- > R’OR 
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The fact that reactions of this sort can occur leads to the condition that the branching probability of a reaction in- 
volving decomposition of the hydroperoxide molecule is considerably less than one, If, however, in the one "cell," 
along with the hydroperoxide molecule, there is a molecule of the substance which is capable of undergoing reaction 
with only one free radical, the recombination probability is reduced, and the chain-branching probability is in- 
creased since, after the destruction of the one radical, the second radical will have nothing with which to recombine. 


Phenols are the nearest thing to a substance of this sort: after removal of hydrogen from the phenol molecule accord- 
ing to a reaction such as 


ArOH + ‘OH > ArO: + H,0, (2) 


a radical is formed of such a sort that, if RO’ is united with it at the place where the hydrogen atom was, what is 
formed is an unstable peroxide with the peroxide group in the aromatic nucleus, and the union of RO" in the para po- 
sition is prevented by the large dimensions of the phenol molecule, Here, the monophenol (I) will stimulate branch- 
ing of the chains considerably more strongly than the biphenol (II), one molecule of which is capable of annihilating 
twice as many free radicals, This, apparently, is sufficient to explain the difference in action of the two related 
phenols (I) and (II), as well as the acceleration in the consumption of (II) in the presence of (I) or a-naphthol., 


Thus, the greater part of the inhibitor is consumed in oxidation reactions by processes of this sort, and only a 
small part is consumed in pulling off chains, in the initiation of which the inhibitor takes no part. With a certain 
amount of simplification it can be said that an inhibitor of the type of biphenol (II) or of an aromatic amine, which 
is a weak chain-branching stimulator, is oxidized comparatively slowly at a concentration above critical with a rate 
Wo = kj{I] until its concentration becomes equal to critical, after which an autoaccelerating process of oxidation of 


the polymer begins, which has an induction period Tc. This simplified picture gives the following relation between 
the induction period and the initial inhibitor concentration 


= Ter + (3) 


where [I]c,y is the critical inhibitor concentration, 


Equation (3), to a first approximation, correctly describes the experimental dependents of 7 on [1] for inhibitors 
of this type. Since both kj and [I]cy are bound up with the mobility of one and the same phenol or amine hydrogen 
atom, a large value of kj should correspond with a small value of [I], and the other way around, Apparently, in the 
better present-day inhibitors, the reactivity of the weakly bound hydrogen atom is close to optimum, and to make 
any substantial increase in the lifetime of the polymer at high temperatures it is necessary either to “stabilize” the 
inhibitor itself, i.e,, reduce the value of kj in one way or another, or to make a substantial reduction in the “critical” 
concentration value, Both these things can be accomplished by introducing into the polymer, in place of a single 
amine or phenol inhibitor, mixtures containing various special additives in addition to the basic inhibitor, In par- 


ticular, the “critical” concentration may be lowered by using substances which destroy the hydroperoxides without 
forming free radicals, 


SUMMARY 


1, A study has been made of the oxidation of isotactic polypropylene, containing as inhibitors additives of 
aromatic amines or alkylphenols, 


2. In the oxidation of polypropylene, the greater part of the inhibitor is consumed by direct oxidation and, in 
secondary processes related to it, Oxidation of the inhibitor also induces destruction of the polymer, 


3, In the oxidation reactions, the inhibitor can apparently take part in the degenerate chain-branching act, 
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The rate constant of the reaction which produces the radical HO, from hydrogen atoms and oxygen molecules 
in the triple collision H + O, + M -> HO, + M, where M is a molecule of hydrogen, has been determined previously 
by other authors [1-3]. The three values of the constant which were obtained do not agree among themselves; the 
minimum value [1] differs from the maximum [2] by two orders of magnitude. The rate constant for hydrogen-atom 
recombination in a triple collision also has been determined 
previously by a number of authors [1,4-6]. These values are 
in good agreement with one another, The present work was 
begun for the purpose of measuring the rate constant of the 
reaction H + O, + Hz, ~ HO, + H2, based on a method which 
we suggested for the measurement of the rate constants of 
reactions of atoms and radicals [7]. 


EXPERIMENTAL 


The experiments were carried out in a flow system in 
the glass vacuum apparatus which is shown schematically in 
Fig. 1, The source of hydrogen atoms was a silent discharge 


Fig. 1, Scheme of apparatus; 1) hydrogen cylinder; in an apparatus like an ozonizer, A high-voltage transformer 
2) special valve; 3) CaCl, tube; 4), 9), 11) stop- of 40,000 volts was used for the discharge. The ozonizer 
cock valve; 5) ozonizer-type tube; 6) nozzle; 7) was connected to the reaction vessel by a fine nozzle, The 
reaction vessel; 8) manometer for measuring pres- nozzle between the discharge zone and the reaction vessel 
sure in reaction vessel; 10) removable trap; 12) guaranteed the impossibility of the diffusion of O, molecules 
calibrated vessel from which O, is supplied to re- into the discharge zone when oxygen molecules were ad- 
action vessel; 13) gas-meter for O>, mitted to the jet which contained the hydrogen atoms, The 


reaction vessel had a diameter of 20 mm and a length of 
1,2 m, The electrolytically produced molecular hydrogen used for these experiments was kept in an ordinary cylinder, 
The cylinder was connected to the apparatus with a special valve similar to the valves used in aqualungs for under- 
water swimming; it made possible a constant atmospheric pressure of hydrogen, A calcium chloride tube was placed 
between the valve and the glass part of the apparatus for the removal of the water vapor and oil which escaped with 
the hydrogen from the cylinder, A removable trap, cooled with liquid nitrogen, was placed at the end of the reaction 
tube, The gas stream and the vacuum were produced by an oil forepump. 


In order to extract a greater number of hydrogen atoms into the reaction vessel, the walls of the nozzle were 
covered with phosphoric acid, We began with the idea that the formation of HO, (by the interaction of H and O,) is 
a trimolecular reaction, Because Hudson and Foner [8] did not observe HO, at low pressures, but did observe HO, 
mass spectrometrically (by the reaction of H + O,) at pressures of about 20 mm, the present experiments were carried 
Out at a pressure of 60 mm, The principal pressure in the reaction vessel was created by the hydrogen. The tempera- 
ture was room temperature, The admission of molecular oxygen to the reaction vessel led to the formation of hydro- 
gen peroxide which, after freezing, was observed in the trap cooled with liquid nitrogen, The quantity of peroxide 
was determined by titration with a solution of potassium permanganate (0,05 N) in an acidic medium, The minimum 


observed after the reaction, 


Length of 
reaction vessel, 
cm 


Quantity 
of peroxide 
in 20 min, 
1076 


40 5.0 
120 4.8 
440 5,1 


wall would be facilitated, 


A 23 oersteds 


Fig. 2, The EPR spectrum of the 
HO, radical at the temperature 
of liquid nitrogen in the solid 
state as frozen from the gaseous 
state, 


O, + Hy, HO, + Hp. 


determinable quantity of peroxide by this method is 3+ 10’ moles, About (6-7) * 107® moles of HyO, was ordinarily 


Preliminary experiments (without the addition of O2) were carried out for various pressures of hydrogen in the 
discharge, These experiments showed that hydrogen peroxide was not formed in the absence of O,; however, the 
formation of water was observed, this being dependent on « small impurity of oxy- 
gen in the hydrogen, It was important to prove that the formation of hydrogen 
peroxide under these conditions was associated with the radical HO, because we 
had observed hydrogen peroxide during earlier investigations in which a discharge 
tube was used at pressures of about 6 mm for the reaction H + O, [9]. However, 
another mechanism for the formation of hydrogen peroxide — not involving HO, — 
occurs when the reaction is carried out at a low pressure [9] and at a temperature 
of approximately 100°, It was found [9] that the principal reaction between H and 
O, was the reaction occurring on the surface with the formation of OH and O, and 
not with the formation of HO,, The formation of the hydrogen peroxide then occurred on the cold walls of the trap 
cooled in liquid nitrogen, So, if the formation of peroxide in the present experiments was associated with a surface 
reaction, a decrease of the pressure should favor the formation of H,O2, since the diffusion of hydrogen atoms to the 


Experiments were carried out at a low pressure, and experiments were also run relating the dependence of the 
peroxide yield to the length of the reaction vessel. Experiments carried out at a pressure of 10 mm under conditions 


The rate constant for the reaction H + O, + H, ~ HO, + Hp, was measured by the method suggested earlier [7]. 


*The EPR spectrum of the HO, radical was taken by G, A, Kapralova with an IKhF-2 spectrometer, 


otherwise the same as those of experiments at 60 mm, yielded practically no 
hydrogen peroxide, The participation of a third particle (molecule of Hg) in 
the mechanism for the formation of H,O, was definitely shown by the decrease 
of the formation of hydrogen peroxide when the pressure was lowered, The 
experiments relating the dependence of the rate of formation of peroxide to 
the length of the reaction vessel are cited in the table, 


The table shows that there is no dependence of the rate of formation of 
H,O, on the distance of the cold walls of the trap from the place where H 
mixes with O,. This means that the formation of H,O, is not associated with 
the cold walls, but occurs in the gas space, From these experiments one can 
draw conclusions about the mechanism of the HO, reaction under these con- 
ditions, The influence of the third body indicates that the principal reaction 
is the reaction H + O, + H, ~ HO, + Hp). 


Since the formation of H,O, is completed within a distance of 40 cm 
from the point of mixing of H with O, at a stream velocity of 90 cm/sec, it 
may be concluded that the HO, radical rather rapidly is transformed into 
H,O, by the reaction 2HO, H,O, + 


The formation of H,O, by the reaction HO, + H, ~ H,O, + H is excluded 
by the low temperature, We attempted to condense the HO, radical in a trap 
cooled with liquid nitrogen, and placed at a distance of 4 cm from the mix- 


ing point of H with O,, This experiment was successful, A photograph of the EPR spectrum of the frozen condensate 
is shown in Fig, 2,* As is apparent from Fig. 2, the signal has an unsymmetrical form; the g factor is close to the g 
factor of diphenylpicrylhydrazyl. The total width of the signal was 23-26 oersteds, The signal disappeared when 
the condensate melted, An attempt to freeze out HO, at a distance of 1 meter from the point of mixing of H with 
O, was unsuccessful, in agreement with the data of the table, which indicates that the HO, is already converted to 
H,O, at a distance of 40 cm, The spectrum of the condensate frozen during an experiment carried out without the 
addition of O, (a blank experiment) was made, Practically no signal was obtained in this case, There is thus no 
doubt of the correctness of the suggested mechanism for the interaction of H with O, according to the equation H + 
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For the determination of the rate constant of the reaction H + O2 + Hg it was necessary to measure the rate of accu- 
mulation of the primary product, and its dependence on the rate of addition of molecular oxygen, The primary pro- 
duct of this reaction is the HO, radical, whose concentration we were not able to measure directly, However, under 


the conditions of our experiment, the HO, radical is transformed into peroxide through the interaction of two HO, 
radicals, 


The dependence of the final concentration of the primary product (H,O,), on the initial concentration of oxy- 
gen (O2)), was determined on the basis of the following scheme: 


k 
H + O, + H, — HO, + H, (1) 
HO, + HO, -> H,O, + O, (2) 
H+H +H,— 2H,, (3) 


where kj¥ is the rate constant for the disappearance of the hydrogen atoms, 


From the conditions of the stoichiometry, the final concentration of hydrogen peroxide (H,O,)yx, which was 
experimentally measured, could be expressed in the following way: 


= (O.)y — (Or) x, (4) 
where (O,)x is the final concentration of molecular oxygen, 


Let us write the following equation on the basis of the mechanism: 


= —k(H) (He) — (H)? 


— — (Oz) (He). 6) 
Dividing (5) by (6) we obtained: 
d(H) _ ky (H) (7) 


The solution of the differential equation (7) leads to the following dependence of (H) on (O,): 
Rg’ 
(H) = — +C(O,) “, 
k—k, 


(8) 


where C is the integration constant which is determined from the boundary conditions: when (H) = (H)g3 (Oz) = (Oz), 
where (H)p is the initial concentration of the hydrogen atoms, 


Under the conditions of our experiment, the concentrations (H,O,) and (O,) will cease to change, that is, will 
become the final concentrations when all of the atoms of hydrogen have been used up. The justification for this 


condition: (H,O,) = (HzO2)K and (O2) = (O2)x, when (H) = 0, is clear from the table, since the quantity of peroxide 
remains constant when the reaction zone is lengthened, 


Using the condition: (O,) = (O2)K, when (H) = 0, and changing (O2)K to (O2)y) — (H,O2)x, we obtain from Eq.(8): 


ki 


(H,02),, (H:0,) 


Since < 1, the quantit [1 — | * can be ex anded as a series, 
q (Oz)o P 


Limiting ourselves to the first two members of the series, we obtain the equation 


9 
(H2W2), (H)o 


(H),/(H), The equation (9) is the equation of a straight line in the co- 
2 ordinates 1/(H,O2)x. 1/(O,)g. The constant k can be directly de- 

termined from the tangent of the angle of inclination according to 
the equation 


(10) 
0 10 20 30 40 50 
tM In order to determine k, it is necessary to measure the depend- 
Fig. 3. The dependence of the relative con- ~— of (H,O2)K On (Og)y, and also to know the rate constant for the 
isappearance of the hydrogen atoms, and that it has been found 
that this disappearance follows the termolecular law H + H + H, > 
H, + Hp, i.e., is quadratic, We could have made use of the data of 
other authors on the rate constant for the recombination of hydrogen 
~ I(H202)x atoms, However, it was important for us to measure the rate con- 
stant for the disappearance of hydrogen atoms under the conditions 
of our experiments, For the measurement of the rate constant for 
1 the disappearance of hydrogen atoms, we used the method for the 
S measurement of rate constants of the disappearance of atoms and 
radicals which we had published earlier [10]. Based on this method, 
the change in the concentration of hydrogen atoms as a function of 


centration of hydrogen atoins (H))/(H)x on 
the distance x, 


4 i] 1 2 310 the length of the reaction vessel for the case of a predominantly 

; 1(0;)g quadratic disappearance may be written in the form 

veer 

Fig, 4. The dependence of the reciprocal (ie =1+ xhy (Hs) (11) 
Fe value of the final concentration of hydrogen (Mh), 4 

: peroxide 1/(H,O,)x on the reciprocal value and for the case of a predominantly linear disappearance, 

of the initial concentration of oxygen mole- 

cules 1/(Og)p. Ig im, = —— 0,43, (12) 


where (H)x is the concentration of H atoms at the distance x; ky is the rate constant for the linear disappearance of 
H; w is the linear stream velocity, 


By measuring the dependence of (H))/(H)x on x, and constructing the grapn, one can determine whether it is 
the quadratic recombination of the H atoms which predominates, 


If the points on the graph of the dependence of (H)9/ (H)x on x fall on a straight line which intercepts the ordi- 
nate axis at unity, then the quadratic recombination is predominant, Figure 3 shows the straight line obtained from 
the experimental points for experiments done at room temperature with py, = 60 mm and w = 90 cm/sec, The con- 
centration of hydrogen atoms in various positions in the reaction vessel along the stream path was measured by the 


maximum yield of hydrogen peroxide for the introduction of molecular oxygen into those positions of the reaction 
vessel, 


The experimental points taken over a large range of values of x (55 cm) fall closely on a straight line inter- 
cepting the ordinate axis at unity, However, a straight line which begins at the origin is also obtained for the co- 
ordinates log [(H)y/(H)x], x. In order to choose which law is obeyed during the disappearance of the hydrogen atoms, 
it is necessary to turn to a theoretical examination of the various cases of the ratios of the linear and quadratic dis- 
appearance constants which were determined earlier [10], In one case, when the linear disappearance was small in 
absolute value and the quadratic disappearance exceeded the linear by three or four times, a straight line was ob- 
tained in the coordinates (H)/(H)x, X and a curve (nearly a straight line) was obtained in the coordinates 

log [((H)9/ (H)x], x. Our experimental data approach this situation, Consequently, the predominating disappearance 
is a quadratic one and, therefore, the value ky;™(H)p is determined from the graph of Fig. 3, according to the equa- 
tion 


hh, 


(13) 


The following value of this quantity was obtained: 


kpy™ (H)y = 9 sec™* + molecules *, 
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The value used for the initial concentration of hydrogen atoms (H)p) was 1,72 * 10’ molecules/ cm® in measur- 


ing the dependence of (H))/(H)x on x. It follows from this that = 5.2 * cm®+ sec™* + molecules *, 


This value of ky,™ is in good agreement with the values of other authors: Farkas and Sachsse [1], ky" = 9.3° 
- 10°; smallwood [4], 4.65 * 10 Steiner [5], 3.5* 10°; Amdur [6], 3.3° (in sec! + molecules™’), 


We measured the dependence of (H,O2)xK on (O2)p for the determination of the rate constant of the reaction 
H + O, + H, > HO, + Hy. The experimental data collected at room temperature for pyy, = 60 mm and w = 90 m/sec 
are given in Fig, 4, From the tangent of the angle of inclination of the straight line (Fig. 4), and the value ky;'" = 


= 5,2+ 10°™, the value of the termolecular rate constant for the reaction H + O, + H, > HO, + Hy according to Eq, (10) 
is 


k = 1078 sec! + molecules’, 


This rate constant agrees with the data of Nalbandyan and Voevodskii [3] (2.4 ° 10° **); it is by one order of magnitude 


larger than the data of Farkas and Sachsse [1], and is by one order of magnitude smaller than the data of Cook and 
Bates [2]. 


In conclusion, the authors express their gratitude to G, A. Kapralova for the determination of the EPR spectrum 
of the HO, radical. 


SUMMARY 


1, The rate constant of the termolecular process for the formation of HO, by the reaction of hydrogen atoms 
with molecular oxygen at room temperature was measured, 


2. The rate constant for the recombination of hydrogen atoms in triple collisions was measured, 


3, The EPR spectrum of the HO, radical was determined at the temperature of liquid nitrogen as. frozen from 
the gas phase, 


4, The great activity of the HO, radical toward conversion to H,O, was observed, 
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L. A. Leites, Yu. P, Egorov, G. S. Kolesnikov, and S. L. Davydova 


N. D, Zelinskii Organic Chemistry Institute, Academy of Sciences of the USSR 
and Institute of Heteroorganic Compounds, Academy of Sciences of the USSR 
Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No, 11, pp. 1976-1981, November, 1961 
Original article submitted June 12, 1961 


There have recently appeared in the literature communications concerning the synthesis and study of the poly- 
merization properties of methacrylic and acrylic acid derivatives containing group IV elements, for example, tri- 
alkyl- and aryltin methacrylates and acrylates [1-4] and trialkylgermanium methacrylates [5]. 


The present communication is devoted to a study of the vibration spectra of silicon, germanium, and tin meth- 
acryl derivatives, The methods used to prepare the cited compounds are given in the experimental part, and their 
properties are summarized in the table, We obtained the Raman spectra of triethylsilanol methacrylate, triethyl- 
germanium methacrylate, triethyltin methacrylate, and, for comparison, methyl methacrylate,* The Raman spectra 
were photographed in an ISP-51 spectrograph with a central cell, using the 4358 A mercury line for excitation, The 
intensities were classified in a visual scale numbered from one to ten, The solid triethyltin methacrylate was studied 
in benzene; therefore, its Raman spectrum is imperfect, since it is necessary to assume the presence of Raman lines 
in those regions where the much more intense absorption lines of benzene are situated (in the regions 900-1000, 1580 
to 1620, and 2950-3100 cm™*), Infrared (IR) spectra of triethylsilanol methacrylate, triethylgermanium methacrylate, 


triethyltin methacrylate, and also tripropyltin methacrylate were obtained in the 700-1800 cm” region with a UR-10 
spectrograph, 


Unadulterated liquid silicon and germanium methacrylates (thickness of the absorbing layer was 0,02 mm) and 
solid tin methacrylates compressed with powdered potassium bromide were used, In addition, the IR spectrum of a 
2% triethyltin methacrylate solution in benzene was obtained in the 1500-1800 cm”! region for comparison with the 
Raman spectrum, The spectra are shown in Table 1 and Fig, 1. The IR spectrum of methyl methacrylate, obtained 
by Chumaevskii and reported earlier [5], is also shown, The great similarity between the IR and Raman spectra of 
the silicon and germanium methacrylates, which would be expected from the similarity of the chemical and physical 
properties of these elements, can be seen by inspection of Table 1 and Fig, 1. The ascribing of the frequencies in 


these spectra is not particularly difficult, It is known [7-10] that the group of atoms —C in unsaturated esters 


is characterized by absorption in the 1715-1730 cm™ region [stretching vibration of the >C = O bond (YC =¢) - 
intense both in the IR and in the Raman spectrum], and in the 1250-1320 and 1140-1205 cm” regions (very intense 
bands in the IR spectrum), In the methyl methacrylate spectra, the 1730 cm™ band (in the IR and Raman spectra), 
and the two intense double IR bands, 1170-1200 and 1310-1330 cm“, evidently conform to this, With substitution 
of methyl groups in the triethylsilanol and triethylgermanium groups, the vibration frequency of the >C = O bond 
decreases to 1695 and 1680 cm™’, respectively, The bands associated with absorption by the -C—O=- group in the 
IR spectrum of triethylsilanol methacrylate are probably those with frequencies 1187-1205 and 1305-1330 cm™! and 
1190 and 1318-1338 cm™ in the triethylgermanium methacrylate IR spectrum, 


The >c=CH, group of atoms is characterized in the methyl methacrylate spectrum by the frequency 1645 
cm”? [stretching vibration of the C= C bond (v C=c)] and by lines in the 3000-3100 cm” region (stretching vibra- 
tion of the =C—H bond), The same frequencies are observed in the silicon* * and germanium methacrylate spectra, 


*The methyl methacrylate Raman spectrum was reported earlier by Batuev et al, [6]. The spectrum photographed by 
us agreed, on the whole, with that reported, 


**A weak line at frequency 1667 cm", which is possibly explained by a small impurity of methacrylic acid formed 
through hydrolysis of triethylsilanol methacrylate (cf, [11]), is also observed in the Raman spectrum of the latter compound, 
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We note that in the IR spectra of C, Si, and Ge methacrylates, ’C =o is more intense than ’C=C. and vice versa 
in the Raman spectra, The (C,Hg),Si group is characterized by the frequencies 573 and 587 cm“! (symmetrical and 
unsymmetrical stretching frequencies of the Si-C bonds [12]) and 975, 1012, 1240, and 1463 cm! (stretching vibra- 
tions of the C—C bonds and deformation vibrations of the C—H bonds in the ethyl groups attached to the silicon [13]), 


Similarly, the (C,Hs)sGe group is characterized by frequencies 550 and 594 em (“Ge -c), and 977, 1015, 1230, 
and 1460 [14]. 
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Fig. 1, IR spectra of CH, = C(CH3)COOMR,;: 1) CH, = C(CH3)COOCHg; 2) CH, = 
= C(CH3)COOSi(C2Hs)3, 0.02 mm layer; 3) CH, = C(CH3)COOGe(C,Hg)3, 0.02 mm 
layer; 4) CH, = C(CH3;)COOSn(C,Hs)3, 10 mg compressed with 2 g KBr. Dotted 


line — 2% solution in benzene, 5) CH, = C(CH3)COOSn(n-C Hy)3, 20 mg com- 
pressed with 2 g KBr, 


Several hours after the Raman spectrum of triethylgermanium methacrylate had been obtained, this material 
polymerized into a very hard, transparent glass; this phenomenon was not observed with triethylsilanol methacrylate, 
The IR spectrum of triethylgermanium methacrylate is also shown in Table 1, It can be seen, from a comparison of 
the IR spectra of the monomer and polymer, that the lines corresponding to the stretching vibrations of the Ge—C 
bonds and characterizing the absorption by the ethyl groups attached to the germanium, as would be expected, did 
not change either in frequency or intensity, At the same time, the lines corresponding to the presence of the C=C 
bond in the molecule (1645, 2998, and 3103 cm™*) have disappeared, or almost disappeared, from the polymer spec- 
trum, The very sharp, intense 849 cm™ line, which on these grounds must evidently correspond to nonplanar vibra- 


tions of the C= oF bond, has also disappeared, It is interesting to note that the intensity of the line correspond- 
ing to the vibration of the C=O bond falls sharply in the polymer spectrum, It is possible that this depends on the 
interaction between carbonyl groups of one polymer chain and germanium atoms of another, as was proposed [5] in 


order to explain the increase in softening point of polytriethylgermanium methacrylate in comparison with polymethyl! 
methacrylate, 


The frequencies are less accurately ascribed in the case of tin methacrylates because the vibration spectra of 
organotin compounds have been little studied as yet. The intense lines at frequencies 490 and 529 cm in the Raman 
spectrum of triethyltin methacrylate dissolved in benzene undoubtedly correspond to the stretching vibrations of the 
Sn—C bonds [15]. In the IR spectra of tin methacrylates (material compressed with potassium bromide) there are two 
bands, 1642 and 1580 cm~!, of which the second is the more intense, in the region of the double-bond frequencies, 
In the IR spectrum of triethyltin methacrylate dissolved in benzene, the 1657 and 1615 cm™ bands correspond to 
those given above (the frequencies increase through the influence of the solvent; the ype cm™ line is also observed 
in the Raman spectrum of the same solution), It can be considered that the 1642 cm™ 1 band (and, correspondingly, 
the 1660 cm in benzene solution) in the tin methacrylate spectra correspond to the vibration of the C=C bond, 
just as in the spectra of C, Si, and Ge methacrylates, Then the absence of yc = in the region 1670-1700 cm”, 
and the presence of strong 1580 cm™ IR bands (1615 cm™ in benzene solution) in tin methacrylate spectra leads to 
the conclusion that tin methacrylates are ionic compounds of the type 


+ 


CH,=C—C. R;Sn 
CH; 


with equalized C—O bonds in the anion. This conclusion agrees with the conclusions drawn by Okawara et al. [16], 
from studies of the IR spectra of silicon and tin acetates and formates, 


EXPERIMENTAL 


Triethylsilanol methacrylate. 26.4 g of freshly distilled triethylsilanol [b.p. 57-59° (6 mm; n”°D 1.4300] and 
17,2 g freshly distilled methacrylic acid were heated in 30 ml boiling dry acetone for 2 hr; the solvent was then dis- 
tilled off, after which the residue was distilled under vacuum, The yield of triethylsilanol methacrylate was 26.4 g, 
this being 66% of theoretical, 


TABLE 2, Properties of Group IV Element Methacryl Derivatives 


Analysis, 
(mm Hg)}| "D 459 | references 
M R calc, |found; calc. {found 


C,H, |60,5(6) |1,4393|0,9058] 66 | 58,35] 58,20 10,22] [47} 
Si 14,36 | 14,72 
C 49,05 | 48,60 
Ge C,H, |69—70(5) | 1,4569|1,1439) 64 58,55) 58,28) H 8,23] 8,17 [5] 
Ge 29,65 


m.p. 
C.H, | 74—75° [4) 


Triethylgermanium methacrylate,* 5 g of dehydrated potassium methacrylate, 60 ml absolute methanol, and 
a small amount of cuprous chloride were placed in a three-necked flask fitted with a reflux condenser, stirrer, and 

a dropping funnel, 10 g triethylgermanium bromide was slowly added to the mixture which was heated for 1 hr,then 
left overnight, Precipitated potassium bromide was filtered off, the filtrate was concentrated under a vacuum of 

15 mm (produced with a water-jet pump), at a temperature not exceeding 50°, then the residue was distilled under 
vacuum, The yield of triethylgermanium methacrylate was 6 g, this being 61% of theoretical, 


* Synthesized by N. V. Klimentov 


of triethyltin bromide [b.p. 85-86 (8 mm); n2°D 1,5320], was mixed with 2 ml water and 0.9 ml freshly distilled 


Triethyl- and tripropyltin methacrylates, 2.9 g triethyltin hydroxide, m.p. 43°, prepared by alkaline hydrolysis 


methacrylic acid; the white crystalline deposit which formed was washed with water, in order to remove residual raw 
materials, and dried in a vacuum desiccator. The yield of triethyltin methacrylate was 1.9 g, this being 69% of 
theoretical, Tri-n-propyltin methacrylate was prepared in a similar manner, The properties of the prepared com- 


pounds are given in Table 2, 


SUMMARY 


1, Raman and IR spectra of silicon, germanium, and tin methacrylates were obtained, 


2, The -O-M— (M-—C, Si, or Ge) bond is covalent in carbon, silicon, and germanium methacrylates; tin 


methacrylates are ionic compounds, 


3, Triethylgermanium methacrylate polymerizes, when exposed to radiation from a quartz mercury vapor 


lamp, by means of C=C bonds, possibly with simultaneous interchain reaction between carbonyl groups and metal 


. NS 
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atoms, 
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THE REACTION OF ORGANIC MAGNESIUM COMPOUNDS 
WITH (FERROCENYLMETHYL)TRIALKYLAMMONIUM SALTS 


A. N. Nesmeyanov, E, G. Perevalova, and L. S, Shilovtseva 


M. V. Lomonosov Moscow State University 

Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No, 11, pp. 1982-1985, November, 1961 

Original article submitted June 20, 1961 


The replacement of the trialkylammonium group in (ferrocenylmethyl)trialkylammonium salts occurs under 
mild conditions with good yields, Such reactions occur more easily in the ferrocene series than in the benzene series, 
and are sufficiently diversified to use for the synthesis of ferrocene derivatives [1,2], This gave us a reason to assume 
that the reaction of (ferrocenylmethy1)trialkylammonium salts with organic magnesium compounds would also occur 
more easily than with salts of the benzene series, and could be used for obtaining ferrocene derivatives, 


In the present work, we have carried out the reaction of (ferrocenylmethy1)trialkylammonium salts with organ- 
ic magnesium compounds, and have obtained, by this process (in yield of 30-60%) benzylferrocenyl methane, allyl- 


ferrocenyl methane, «-naphthylferrocenyl methane, propyl-, allyl-, benzyl-, and ethylferrocenes (the first five com- 
pounds had not previously been described) 


,CsHsFeCyH,CH,NR,X + RMgX — + NR, + MgX, 


The reaction was carried out in ether, in mixtures of ether and tetrahydrofuran, or in dibutyl ether. As the ammoni- 
um salt we used N,N-dimethylaminomethylferrocene methiodide and bromoethylate, 


The reaction of the organic magnesium compounds with (ferrocenylmethy])trialkylammonium salts was ap- 
parently heterolytic, The stability of the ferrocenylmethyl cation CsHsFeCsH,CH,* has been observed several times 
before [3,4] and is probably due to rupture of the C—N bond under the attack of the carbanion of the organic mag- 
nesium compound, On reaction of (ferrocenylmethyl)trimethylammonium iodide with allyl magnesium bromide, 
along with the ferrocenylallyl methane there was formed a small amount of symmetrical diferrocenylethane, 
The side products obtained as a result of doubling of the radical of the organic magnesium compound were isolated 
in the case of reaction with phenyl magnesium bromide and with benzyl magnesium chloride (respectively, diphenyl 
and dibenzyl), When these substituted ferrocenes were purified by chromatography on aluminum oxide, it was noted 
that there was a change in some part of the substance and a compound was formed with a brighter color, in which the 
ketone group was found spectroscopically, In the case of benzylferrocene, we also isolated benzoylferrocene and 
identified it by melting point and mixed melting point, Hence, on aluminum oxide in the presence of oxygen of the 
air there is oxidation of the methylene group connected with the ferrocene nucleus, 


EXPERIMENTAL 


To 0,02-0.13 M of organic magnesium compound we added 0,03 M of N,N-dimethylaminomethylferrocene 
methiodide or bromoethylate,* first dried over P,O; for three days, then treated with 100 ml of absolute tetrahydro- 
furan (distilled over LiAlH,) or 150 ml of absolute n-butyl ether, and the reaction mixture was heated in an atmo- 
sphere of pure nitrogen for 20 hr (in the case of benzyl magnesium bromide, the reaction mixture was heated for 10 
hr) to boiling, if the reaction was carried out in diethyl ether or in its mixture with tetrahydrofuran, If the solvent 
was dibutyl ether, the reaction was carried out at 110-120° and the diethyl ether was first distilled off. The reaction 
took place in diethyl ether with CgH;MgBr, in the mixture of diethyl ether — tetrahydrofuran with CgH;CH,MgCl, 


*The ratios of (ferrocenylmethy])trialkylammonium salt and organic magnesium compound are given in the table, 
The organic magnesium compound was obtained in a medium of diethyl ether from equimolecular amounts of mag- 
nesium and halogen derivative (except for allyl magnesium bromide, where the ratio was 2:1, respectively), The 
yield of organic magnesium compounds was considered to be quantitative, 
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CH, = CHCH,MgBr, and CH, = CHMgBr, and in dibutyl ether with CH,;Mgl, C,HsMgBr, and «-Cy9HyMgBr. It should 
be noted that the solvent strongly affects the yield of alkylation products, Thus, in preparing benzylferrocene, by 


replacement of diethyl ether by its mixture with tetrahydrofuran or in dibutyl ether the yield fell from 27 to 9 and 
4%, respectively. 


The reaction mixture was decomposed with dilute hydrochloric acid, The water layer was extracted with ether. 
The ether extracts were added to the ether — tetrahydrofuran solution (or the solution in dibutyl ether) and the mix- 
ture was washed with water, with soda solution, and again with water, and dried over sodium sulfate. The solvent 
was distilled (the dibutyl ether was distilled in a vacuum under nitrogen); the residue was dissolved in ligroin and 
chromatographed on Al,O3, The resulting ferrocene derivative was washed out with ligroin, Then the solid substances 


were recrystallized from ligroin or hexane, and the liquids were distilled in a vacuum under nitrogen; the constants 
and yield are given in the table, 


On chromatography of these compounds on Al,O; there was a change in some of the compounds and formation 
of a substance with a brighter color which remained on the column during washing out with ligroin, and was washed 
out with ether, On repeated chromatography, the substance washed from the column with ligroin again formed the 
compound with the brighter color, In the infrared spectrum of this compound there were frequencies which were char- 
acteristic of the carbonyl group. The benzoylferrocene which formed in the chromatography of benzylferrocene was 
isolated and identified, After two chromatographic separations of 0,8 g of benzylferrocene we obtained 0.2 g of 
benzoylferrocene which was purified by chromatography on Al,O; (eluting with a mixture of 1:1 benzene and ether), 
and was recrystallized from ligroin; its m,p, and the m,p. of a mixed sample with known substance was 106-107". 

The literature [5,6] gives, for benzoylferrocene, m.p. 108-109°, 


SUMMARY 


1, We have obtained benzylferrocenyl methane, allylferrocenyl methane, «-naphthylferrocenylmethane, 


propyl-, allyl-, benzyl-, and ethylferrocene by reaction of organic magnesium compounds with (ferrocenylmethyl)- 
trialkylammonium salts, 


2, Benzylferrocene is oxidized to benzoylferrocene on chromatography on aluminum oxide, 
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The great availability of a,a,a,w-tetrachloroalkanes, obtained by telomerization of ethylene with carbon 
tetrachloride, and their property of reacting with nucleophilic, electrophilic, and radical reagents, permits a wide 
system of syntheses of bifunctional compounds based on them [1]. In the present paper, we describe methods for pre- 
paring «-chloro-w-sulfocarboxylic acids, Compounds of this type have been studied very little, «-Chloro-w-sulfo- 
carboxylic acids are of interest as starting substances for the synthesis of various polyfunctional compounds, especial- 
ly a-amino-w-sulfocarboxylic acids, Two of us, with Kost and Vasil'eva [2-5], worked out a method of synthesis for 
a-chlorocarboxylic acids by coupled chlorination, of compounds which contained CCl, = CH groups, in a.medium of 
sulfuric, formic, or acetic acids; in the latter case it was necessary to add equimolecular amounts of mercuric ace- 
tate, For the case of sulfuric acid, the reaction took place by the scheme 


X( CH)4n CH=CCly+Cly x (CH,)2 (CH,)aCHCICOOH . 


Based on this method, we studied two paths of synthesis for the a-chloro-w-sulfocarboxylic acids: starting from 
sulfates with the structure NaO,S (CH,),CH = CCl, (I) and chlorides of isothiuronium derivatives with the structure 
HCl * NH,(NH =) CS (CH)), CH= CCl, (II), Compounds (I) and (II) were obtained from ,~,w-tetrachloroalkanes 
[6-8]. The chlorination of (I) was carried out in anhydrous formic acid, and here, usually, along with the "coupled 
chlorination,” there also occurred addition of chlorine to the double bond: 


HCOOH NaO,S (CH,),, CHCICO.H 
NaO,S (CH,),CHCICCIs 


NaO,$ (CH,),CH =CCl,+ Cle 


Chlorination of (II) occurs in an analogous way : 


Cle 


n 


In this reaction there is a combination of coupled chlorination of the dichlorovinyl group with transformation 
of the isothiuronium group into SO3H, Also, in some experiments, we isolated from the reaction mixture a substance 
whose elementary analysis corresponded to the formula Cl — C(=NH)NH, * HCl. A compound of this composition 
was obtained in chlorination of S-alkylisothiuronium salts [9], As is known, chlorination of S-alkylisothiuronium 
salts in a water solution was previously suggested as a method for the synthesis of alkylsulfonyl chlorides [9,10], but 


in several cases an explosion occurred in the isolation of the alkylsulfonyl chlorides from the reaction mass [11]. 
Under the conditions of our experiments, no explosion occurred, 


The separation of the sulfoacids was easily carried out due to the markedly lower solubility in water of the 
tetrachloroalkylsulfoacids as compared to the «-chloro-w-sulfocarboxylic acids, The first compounds were separated 
as their sodium salts, the second were identified in the form of their bis-S-benzylisothiuronium salts: 

HO,C — CHC1 — (CHg)pSO3H * 2CgHsCH,SC (= NH)NHp. 


Variation in the rate of flow of chlorine from #15 tos50 ml/ min and of reaction temperature from 20-50° did 
not affect the yield of the final product. However, with increase in rate of passing chlorine, the reaction occurred 
more quickly, Comparison of the yields of products in the synthesis by both schemes permitted the following pre- 
liminary conclusions, To obtain a high yield of a-chloro-w-~-sulfocarboxylic acid it is best to use isothiuronium 
chloride derivatives with the general formula CCl, = CH — (CH))pSC (= NH)NH, « HCI, since, in this case, the 


| 
| 
= 


chlorosulfocarboxylic acid is obtained with a higher yield and in a more pure form, «-Chloro- 8-sulfopropionic acid 
is an exception; it was obtained from sodium 3,3-dichloro-2-propenylsulfonate with a high yield, 


EXPERIMENTAL 


5,5-Dichloro-4-pentenyl isothiourea hydrochloride, A mixture of 5,19 g of 1,1,5-trichloro-1-pentene and 
2,28 g of thiourea and a solution of a small amount of KI in 15 ml of acetone was heated on a boiling water bath in 


a sealed ampule for 27 hr, After distillation of the acetone, a crystalline hydrochloride precipitated from the residue, 
4.3 g or 57.3% of the theory, After three recrystallizations from acetone, the hydrochloride of 5,5-dichloro-4- 
pentenyl isothiourea melted at 98-99°, Found: C 28,85, 28,83; H 4.16, 4.19%, CgHyyCl,N,S, Calculated: C 28.85; 


H 4.40%, Later, this reaction was carried out without addition of KI while heating for 36 hr, The yield was 60% of 
the theory, 


In an analogous way we obtained chlorides of isothiuronium derivatives of other «,«,w-trichloroalkenes, For 
the “coupled chlorination” we used recrystallized samples, The isothiuronium salts were also obtained by heating in 
a flask under reflux an alcohol solution of thiourea and «,a,w-trichloroalkene for 16 hr. This process [8] was suit- 
able for obtaining large amounts of isothiuronium salts, The yield in this case was 55% of the theory. 


Chlorination of CCl, = CH-CH,—SO;,Na, Through a solution of 5 g of sodium 3,3-dichloro-2-propeny! sulfon- 
ate in 25 ml of anhydrous formic acid was passed a stream of chlorine until absorption of chlorine by the reaction 
mixture stopped, There was slow warming to 30°, The reaction was diluted with warm water, upon which there was 
heating and evolution of HCl; then the water and formic acid were distilled off in a vacuum at 35-45°, A white 
precipitate of the monosodium salt of a-chloro-w-sulfopropionic acid (COOH—-CHCI1—CH,— SO,Na) remained, Yield 
4,4 g (81.6% of the theory), The product was recrystallized from water, Found: C 17,01, 16,95; H 1.96, 1.90; Cl 
17,04, 16.85%, C3H,OsCISNa, Calculated: C 17.10; H 1,90; Cl 16.86%, Bis-S-benzylisothiuronium salt 
[COOH— CHC1—CH,SO3H + 2CgHsCH,SC (= NH)NH,] had m,p, 154-155° (from water), Found: C 43,60, 43,55; H 
4,78, 4,90; Cl 7.04, 7.29%, CygHpsOsCIS3Ny. Calculated: C 43,84; H 4,80; Cl 6,82%, 


Chiorination of CCl, = CH—(CH,)3SO3Na. The experiment was carried out like the preceding one. From 12 g 
of sodium 5 5-dichloro-4-pentenylsulfonate after distillation of the formic acid and water we obtained a mixture of 
crystalline sodium tetrachloroalkylsulfonate and «-chloro-w-sulfoacid in the form of a very viscous oil, The crystals 
were separated by recrystallization of the mixture from water; weight 2,65 g, The filtrate was further evaporated in 
a vacuum and gave a further 1.55 g of crystals, The total yield of sodium 5,5,4,4-tetrachloroamylsulfonate was 4,2 g 
(27% of the theory), The product was recrystallized from water. Found: C 18,02, 18.21; H 2.66, 2.53%, 
* H,O, Calculated: C 18,18; H 2.72%, S-Benzylisothiouronium salt 3H 
* CgHsCH,SC (= NH) NH,] had m,p, 150-151° (after three recrystallizations from water), Found: C 34,93; H 4.25%, 
Calculated: C 34,22; H 3.97%, 


We obtained 3,7 g of an oily product. By careful vacuum evaporation of the distillate of formic acid and 
water we also obtained 1,87 g of oil. The oily product crystallized on long standing. The yield of a-chloro-w- 
sulfovaleric acid was established by titration of an aliquot portion of the oily product with alkali and was 30% of the 
theory. The bis-S-benzylisothiouronium salt COOH—CHC1—(CH,)3SO3H * 2CgHsCH,SC (= NH)NH, had m.p, 111 to 
111,5° (after three recrystallizations from water), Found: C 45,56, 45.44; H 5,39, 5,24; Cl 6.90%, CoyHpgOsCIN,Ss. 
Calculated: C 45.94; H 5,29; Cl 6.47%, 


Chlorination of HCl * NH,(NH=)CS(CH,);CH=CCl,. Through a solution of 5,5 g of the isothiourium chloride 
derivative (prepared from 1,1,5-trichloro-1-pentene ) in 25 ml of anhydrous formic acid with stirring and a tempera- 
ture of 35° was passed a stream of chlorine until evolution of hydrogen chloride stopped, After the reaction mixture 
had been treated with warm water, the product of addition of chlorine to the double bond precipitated as an oil and 
the a-chlorocarboxylic acid remained in solution, The oily layer was separated (1,5 g) and treated with a concen- 
trated soda solution, We obtained 1.35 g of sodium salt CCl;—-CHC1-(CH,),SO3Na * H,O (19% of the theory), Found: 
C 18,13, 17.95; H 2,98, 2,76%, CsHygQ,ClSNa, Calculated: C 18,18; H 2.72%, The S-benzylisothiuronium salt 
had m,p, 150-151° (after three recrystallizations from water), A mixed sample with the analogous salt obtained in 
the previous experiment gave no melting point depression, The solution, which contained a-chloro-w-sulfovaleric 
acid, was evaporated in a vacuum at 30-35°, The yield of acid was determined by alkali titration of an aliquot por- 

tion of the residue, and was 64,6%, The bis-S-benzylisothiuronium salt [HOOCCHCI1—(CH,),SO3H » 2CgHsCH,SC(=NH)NHe] 
had m,p, 111-111,5°, (after three recrystallizations from water), Found: C 45,63, 45,53; H 5,35, 5.32%, Cy HygOsCIN,S3, 
Calculated: C 45,94, H 5.29%, A mixed m.p, with the corresponding salt obtained in the previous experiment gave 
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no m.p. depression, In an analogous way we carried out the chlorination of compounds with the general formula 
CCl, = CH— (CH )pSC (= NH) NH, * HCl, where n = 5, 7, 9, The results are given in the table, 


In the case where n = 9, the oily layer which precipitated when the reaction mixture was treated with water 


was the a-chlorocarboxylic acid [COOH—CHCI (CH ,)gSO3H]; tetrachloroundecylsulfoacid was not found in this ex- 
periment, 


SUMMARY 


1, We obtained a-chloro-w-sulfocarboxylic acids [COOH-CHC1—(CH,)pSO3H] by chlorination in a medium 
of anhydrous formic acid, along with isothiuronium salts with the structure CCl, = CH—(CH,)p * SC(=NH)NH, * HCl, 
where n = 3, 5, 7, 9. In an analogous way, starting from dichloroalkenylsulfonates with the structure CCl, = 
= CH-—(CH,)pSO3Na we have obtained the a-chloro-w-sulfocarboxylic acids where n = 1, 3, 


2, Along with the “coupled chlorination” of the above-mentioned substances, there has occurred addition of 
chlorine to the double bond with formation of substances with the structure CCl;—CHC1—(CH,)y)— SOsH. 


LITERATURE CITED 


_ 


A. N. Nesmeyanov, R. Kh, Freidlina, and L, L, Zakharkin, Uspekhi Khimii 25, 665 (1956), 

A. N, Nesmeyanov, V. N. Kost, and R, Kh. Freidlina, Dokl, AN SSSR 103, 1029 (1955), 

A. N. Nesmeyanov, V. N, Kost, T. T. Vasil*eva, and R, Kh, Freidlina, Izv, AN SSSR, Otd, Khim, n, 1958, 152, 
R, Kh, Freidlina, V, N. Kost, T. T, Vasil'eva, and A. N. Nesmeyanov, Izv. AN SSSR, Otd, Khim. n. 1958, 826, 
V. N. Kost, T, T. Siderova, R, Kh, Freidlina, and A, N, Nesmeyanov, Izv. AN SSSR, Otd, Khim, n, 1959, 2122, 
R. G. Petrova and R. Kh. Freidlina, Izv. AN SSSR, Otd, Khim, n, 1958, 290, es 

R. Kh, Freidlina and B, V. Kopylova, Izv, AN SSSR, Otd, Khim, n, 1961, 172. 

English patent 815226; Chem, Abstrs, 54, 301 (1960), 

T. B. Johnson and J. M, Sprague, J. Am. Chem, Soc, 58, 1348 (1936); 59, 1837, 2439 (1937), 

C, Ziegler and J, M, Sprague, J. Organ. Chem, 16, 621 (1951). 

K, Folkers, A, Russell, and R, W, Bost, J, Am, Chem, Soc. 63, 3530 (1941), 


ar wn 


— 
=. 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


SOLUTIONS OF AROMATIC ORGANIC LITHIUM COMPOUNDS IN ETHERS 


T. V. Talalaeva, A. N. Rodionov, and K. A. Kocheshkov 


L. Ya, Karpov Physicochemical Institute 
Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No, 11, pp. 1990-1996, November, 1961 
Original article submitted June 10, 1961 


The stability of ether solutions of lithium organic compounds depends on the structure of the ethers and the 
RLi [1]. The most widely used medium for the synthesis of aromatic RLi is diethyl ether, in which these compounds 
are sufficiently stable, It is known that the reactivity of RLi varies greatly depending on the degree of association of 
these compounds and the character of the complex [1-3], For example, complexes with lithium bromide lower the 
reactivity of RLi [4]. In the presence of a molecule of an electron donor, an ether [5], amine [6], sulfide [7], and 
some unsaturated compounds, the reaction of RLi is often sharply increased and even changes its direction, For ex- 
ample, in the polymerization of isoprene and n-butyl lithium in n-heptane there is obtained a polymer with a cis- 
1,4-structure with a yield of 90%, and in ether there are formed 1,2-, 3,4-, and trans-1,4-structures [5]. The addi- 
tion of ether increases the rate of polymerization of divinyl by n-buty! lithium and raises the content of 1,2-sections 
in the polymer; the rate of copolymerization of divinyl] and styrene is increased [8], Polymerization of 1,3-butadi- 
ene by RLi has been described in [9], Therefore, an explanation of the structure of the lithium organic compounds in 
various solvents is of great practical and theoretical value, The formation of complexes between the molecules of 
lithium organic compounds has been studied in several works [2,3], The nature of these RLi complexes is apparently 
analogous to the similar complex compounds of R2Be, R3B, and R,Al, and is connected with the formation of multi- 
centered electron orbits [10], The tendency of organic lithium compounds to association also deterrnines the chief 
properties of these compounds, Organic lithium compounds can also give another type of complex with ether mole- 
cules, amines, etc. (molecules of electron donors), It is evident that the character and strength of such acceptor — 
donor complexes is also a reason for the sharp change in properties of the lithium organic compounds in ether solution, 


The purpose of the present work was to explain the effect of ethers on the structure and character of the com- 
plexes of organic lithium compounds by infrared spectra [4], We studied solutions of phenyl lithium, o- ,.m-, and 
p-tolyl lithium, p-chlorophenyl! lithium, p-bromopheny] lithium [1,11], mesityl lithium, and fluorenyl lithium [12] 
in diethyl, di-n-propyl, diisopropyl, di-n-butyl, and diisoamyl ethers [11]. We also studied solutions of methyl li- 
thium [1] and ethyl lithium [1,13] in the same ethers, The results of the study showed that on solution of the organ- 
ic lithium compounds in ether there apparently began a deformation or splitting of the primary RLi complexes due 
to the dispersing and dipolar action of the ethers and then, depending on the structures of RLi and R,O, there was 
formed a new complex between the molecules of ether and RLi (acceptor—donor), The increased reactivity of RLi 
in ether solution occurs in connection with the strengthened polarity of the bond C—Li in the complex of RLi with 
the ether, It is characteristic for this complex that in the infrared spectra of most of the solutions studied there were 
intense bands at about 1070 cm™!, 900 cm™!, and 560 cm™, which were apparently connected with the formation of 
etherates, since they were absent in the spectra of most of the crystalline samples, By analogy with the data which 
we recently obtained on the isotopic effect for aliphatic organic lithium compounds, and also on the basis of the 
ebulloscopic data in the literature [3], we can suggest that the band at about 560 cm”! in the spectra of aromatic 


organic lithium compounds is related to the group C—Li, in the dimer formed by further association with the ether 
molecule, 


This problem will be studied in more detail by isotopic substitution in the aromatic lithium organic compounds, 


In this work we describe the synthetic part, We should mention that in the region of the infrared spectra which 
we studied (2000-650 cm“) we did not find much difference in the spectra of ether solutions of pure RLi (R = phenyl, 
tolyl, methyl) which did not contain LiBr, or ordinary ether solutions of RLi which contained equal amounts of LiBr. 


Hence, the formation of a ternary complex of RLi with the halide and diethyl ether actually was not shown in the 
spectral region studied, 
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For aromatic lithium organic compounds, besides the previously described ternary complexes 2RLi * LiBr - 
* 2(C2Hs),0 of phenyl lithium and tolyl lithium [14], we obtained complexes of the same composition for m-tolyl li- 
thium, In the case of o-tolyl lithium, on prolonged cooling of a concentrated ether solution (2N for RLi and LiBr) to 
—80°, no ternary complex precipitated, nor was there a precipitate of the etherate of lithium bromide, which indicates 
the formation of a well-soluble complex, The same observation was made for a 1,5 N (for RLi and LiBr) solution of 
2,5-dimethylpheny] lithium, Solutions of these aromatic compounds in diethyl ether were stable, which could ex- 
plain the decreased reactivity of RLi due to complex formation with LiBr and ether, On concentration of the filtered 
ether solutions of the aromatic lithium organic compounds under nitrogen or argon, and evaporating dry in a vacuum, 
we could obtain a slightly colored, very active precipitate (RLi and LiBr in the ratio 1:1); it kept well sealed in an 
ampule under argon even up to a year, and could be used for reaction by suspending it in ether, in which a consider- 
able part of the lithium bromide did not dissolve, 


For a study of the complexes of aromatic lithium organic compounds in ether [1] we prepared a large amount 
of RLi by exchange reaction from aliphatic lithium organic compounds and aromatic RBr in n-hexane or benzene so- 
lution [11]. We showed that the RLi prepared by this method sometimes contained considerable admixtures of LiBr 
(3-25%) and formed solutions of RLi in ether with a small content of LiBr (5:1), We obtained such solutions with the 
ethers: diethyl, di-n-propyl, diisopropyl, di-n-butyl, diisoamyl, and tetrahydrofuran, The solutions usually had a 
light yellow color, The content of lithium bromide did not exceed that which would be found in solutions cooled 
from 0 to —25°, or by heating (from 35 to 60°), On solution in anisole the content of RLi:LiBr was 10:1. In the con- 
trol experiments we prepared a 1 N solution in di-n-butyl ether for pure phenyl lithium which contained no halide 
salt, and heated at 50-60° with excess pure lithium bromide, The solution was 1 N to CgHsLi and 0.19 N to LiBr. On 
heating lithium bromide in di-n-butyl ether no solution occurred, Hence, in this case also we are dealing with com- 
plex formation, It is interesting to note that phenyl lithium, o-tolyl lithium, and p-tolyl lithium dissolve somewhat 
in dry chlorobenzene, forming a 0,1-0,05 N solution, The reaction with Michler’s ketone by these solutions, without 
addition of ether, is positive, The Gilman test is preserved when the solutions stand under argon for 2-3 days, The 
solution does not contain lithium bromide, All the crystalline lithium organic compounds obtained in this study were 
used as catalysts for the polymerization of ethylene with TiCl, [15]. 


EXPERIMENTAL 


All the work with solutions and precipitates of the lithium organic compounds was carried out with a slight 
positive argon pressure, We used pure and dry solvents, It is recommended to keep the solvents in flasks filled with 
argon and to remove with a siphon by argon pressure, Metallic lithium was cut into thin plates, freed from a film of 
oxide, and cut in a chamber under argon, The work was controlled by analysis [13,16]. All the work with organic 
lithium compounds as precipitates or in concentrated solutions required great attention and accuracy, since with small 
access of air the organic lithium compounds could explode, This had to be observed especially in obtaining crystal- 
ling ethyl lithium, p-chlorophenyl lithium, and p-bromopheny] lithium, The residues of the reaction mixtures with 
admixed metallic lithium in work on a large scale were best poured quickly into benzene (in an atmosphere of inert 
gas), and then poured into sand in an especially prepared place outside, and not decomposed in the laboratory. In 


work with the individual lithium organic compounds, during the synthesis, it was necessary to wear a protective mask 
of organic plastic, or the best goggles, 


Preparation of a benzene solution of n-butyl lithium (from n-butyl chloride), The work was carried out under 
argon in a 1-liter apparatus, Filling the flask with solvent and introduction of lithium were carried out under the 
same conditions as for ethyl lithium [13]. We placed in a flask 400 ml of benzene and 12,4 g of lithium (1.5 + excess), 
heated it with stirring to 30-35", added 4-5 ml of n-butyl chloride, and the remaining amount (altogether 70 g,0,75 
M) was diluted with 100 ml of benzene and added in the course of 2-3 hr, keeping the temperature of the reaction 
mixture at 50-55°, The reaction usually began immediately after adding the first portion of butyl chloride, as shown 
by warming, strong turbidity of the solution, and sinking of the pieces of lithium, At the end of butyl chloride addi- 
tion, the mixture was stirred for 3 hr at 45-50°, 1 g of freshly cut lithium was added, and the mixture was stirred for 
another hour at 45-50°, Then the dropping funnel was replaced by the siphon and the solution was forced over by 
argon into a half-liter measuring cylinder, The yield of n-butyl lithium reached 75-80%, After settling, we ob- 
tained a clear, colorless solution, about 1,15-1,.25 N, 


If the reaction was carried out in the same apparatus, but using 13 g of lithium, 250 ml of benzene, and add- 
ing 70 g of butyl chloride (without dilution) during 3 hr, and stirring at 40-45° for 6 hr, we cou'd obtain a 1,.95- 
2,05 N solution of n-butyl lithium, but such a solution settled with more difficulty to clearness, and needed further 


filtration, Therefore, if it was necessary to concentrate the n-butyl lithium solution, it was better to start from a 1 N 
solution and concentrate it, 


Preparation of a hexane solution of n-butyl lithium, The work was carried out in an apparatus with 1-liter ca- 
pacity. In a flask with a stream of argon was placed 500 ml of hexane, 7 g of lithium (cut very fine under argon), a 
stirrer was inserted, and the solution was brought to strong boiling. To the boiling solution in the course of 3-4 hr was 
added evenly 37.0 g (0.4 M) of n-butyl chloride in 30 ml of hexane, It was stirred further for 1 hr with boiling, one 
more g of freshly cut lithium was added, and stirring and boiling were continued for 2 hr more, Then the solution 
was filtered and siphoned by argon pressure into a vessel filled with argon, The filter for the apparatus with ordinary 
(not dense) filter paper was dried in a desiccator over phosphorus pentoxide. We obtained a perfectly clear and color- 
less 0,7-0,8 N solution of n-butyl lithium with a yield of 87-95%, Increased amounts of reacting substances could 
give a 1,5-2 N solution of n-butyl lithium, The residue in the flask was treated with benzene and decomposed in the 
same way as in preparing ethyl lithium, The apparatus for filtration was rapidly disconnected in a stream of argon, 
the lower part was closed off and transferred under pressure, and the cover was raised for immediate removal of the 


filter with a large pipet. There should be nothing easily inflammable nearby, since the filter usually catches fire 
immediately; if it is taken out slowly, it catches fire in the funnel. 


We can obtain a hexane solution of n-propyl lithium, n-amy] lithium, n-hexyl lithium, n-heptyl lithium, n- 
decyl lithium, n-dodecyl lithium, and n-hexadecyl lithium under exactly the same conditions, The yield varies from 
15-80 to 85-97%, depending on the purity of the starting n-alkyl chloride and the accuracy of the work, As a rule, 


the resulting hexane solutions are perfectly colorless and clear, and can be kept for a long time without decomposi- 
tion under argon (see [17]). 


Preparation of crystalline phenyl lithium mixed with lithium bromide, In the usual apparatus for carrying out 
the exchange reaction [11], with capacity 500 ml, we placed 250 ml of 1.03 N colorless and clear hexane solution 
of n-butyl lithium (16 g, 0.25 M) and added 39 g (0.25 M) of freshly distilled bromobenzene, After mixing, the so- 
lutions remained clear for 15-20 min; then a snow-white precipitate of phenyl lithium began to come down; the so- 
lution stood at room temperature overnight; on the next day the white, pasty mass was diluted with 100-150 ml of 
dry hexane, stirred, and filtered as described in the case of ethyl lithium, The precipitate filtered very easily; it was 
washed 3-4 times by sucking through small portions of pure hexane and dried in a vacuum for 3-4 hr, releasing the 
vacuum with argon, We obtained about 25 g of phenyl lithium which was put up in sealed ampules of the desired 
weight; we opened three ampules for analysis, We determined the content of lithium bromide and the lithium con- 
tent. The content of lithium in the resulting phenyl lithium was usually close to the calculated value, considering 
the admixed lithium bromide, For example, in samples of 0,0962, 0.1315, and 0.0865 the lithium content was 7,28, 


1.49, and 7.44%, respectively, with subtraction for the admixture of LiBr, 8.12, 7.91, and 8,03%, respectively, By 
calculation for CgHsLi the lithium content was 8,27'%, 


The yield of pure phenyl lithium was about 20 g, that is, 85-87%; admixed lithium bromide was 10-15% (5 to 
10 g). We could also carry out the preparation of pheny! lithium in larger quantities; the apparatus used had corres- 
pondingly greater volume, The preparation of crystalline phenyl lithium from a benzene solution of ethyl lithium, 
as we previously described [11], or using a benzene solution of n-butyl lithium, was less satisfactory in work with 
larger quantities, since the resulting precipitate was more difficult to filter and wash, 


Preparation of a solution of phenyl lithium in di-n-butyl ether, We took about 30 g of phenyl lithium with an 
admixture of 117% lithium bromide (see above) and dissolved it under argon in 250 ml of di-n-butyl ether, The mix- 
ture was filtered to give a light-golden, perfectly clear solution which analyzed for 1,31 N phenyl lithium and 0,201 
N lithium bromide, On prolonged cooling of this solution to —80° no turbidity or precipitation was observed, The 
solution of phenyl lithium in dibutyl ether can be used in those cases where it is necessary to carry out a reaction at 


higher temperatures, In the same way we obtained solutions in dibutyl ether of p-tolyl lithium, m-tolyl lithium, o- 
tolyl lithium, or «-naphthyl lithium (from the etherate), 


Preparation of a solution of pure phenyl lithium in di-n-butyl ether, 5 g of phenyl lithium which contained 
no admixture (obtained by the exchange reaction from triphenyl antimony) was dissolved in 60 ml of di-n-butyl 
ether and filtered from a small amount of precipitate, The solution was clear and light yellow; it analyzed for 1,01 
N phenyl lithium and contained no halide, On long cooling to —80° no precipitate appeared, 


Preparation of lithium bromide from lithium bromide dioxanate, We took 8,2 g of lithium bromide dioxanate 
and 100 ml of freshly prepared bromobenzene, More than half the solvent was distilled off under nitrogen; the 


remaining precipitate was sucked off under nitrogen, washed with hexane and three times with pentane, and dried in 


a vacuum with warming to 45-50°, The weight of the precipitate was 4 g, Found: Br 92,09, 92.14%; calculated for 
LiBr, Br 92.05%, 


Solution of phenyl lithium in di-n-butyl ether and lithium bromide, Under nitrogen we took 30 ml of 1.01N 
solution of phenyl lithium (free from lithium bromide) in n-butyl ether; to it we added 2.5 g of pure lithium bromide. 
The mixture was heated to 50-60° for 2 hr and filtered under nitrogen, By analysis, the solution contained 1 N phenyl 
lithium and 0,195 N lithium bromide. In a control experiment we heated 1.0 g of lithium bromide in 40 ml of di- 
n-butyl ether for 2 hr at 50-60°, and finally brought it to boiling; the solution was filtered hot, This solution did not 
contain lithium bromide, When we dissolved lithium bromide etherate, LiBr * 1 ether in dibutyl ether, after short 
standing precipitation of pure lithium bromide began, 


Preparation of m-tolyl lithium from n-butyl lithium in hexane, We took 300 ml of 1.14 N solution of n-butyl 
lithium in hexane (20,8 g) and added 57 g of m-bromotoluene, The colorless solution took on a golden yellow color; 
there was no heating. The white precipitate of m-tolyl lithium appeared after standing overnight, filling the entire 
volume of the solution, We added 200 ml of dry hexane, stirred the precipitate, filtered, washed three times with 
hexane (100 ml), and dried for 3 hr in a vacuum, All the operations were carried out in argon; for the apparatus, see 
above, The admixture of lithium bromide was 17.5% (4.2 g); yield of m-tolyl lithium 60% (20 g), Analysis with 
subtraction of lithium bromide: Li 6,88, 6.92%; by calculation, 7.08% Li, 


Preparation of the ternary complex of m-tolyl lithium with lithium bromide and ether, We took 25 g of pre- 
cipitate which contained 20 g of tolyl lithium and 5 g of lithium bromide (prepared as above), and dissolved them 
in 200 ml of 1,3 N ether solution of lithium bromide, The solution was filtered free of turbidity, the clear filtrate 
was cooled to —15°; large needle-shaped crystals precipitated, The crystals were quickly sucked off and dried in a 
stream of argon until loose (3 hr), A sample of 0,6066 and 0.7736 M contained, respectively: RLi 44,98, 45, 34%o; 
LiBr 19,49, 18.46%; ether by difference 35,53, 36.02%, 


The composition of the resulting complex was 2m-CH,CgHyLi * 1LiBr - 2 ether. A complex of the same com- 
position separated from a solution obtained by the action of lithium on m-bromotoluene under the usual conditions. 


The starting solution was 0.75 N on RLi and 0,8 N on lithium bromide, The crystals of the ternary complex precipi- 
tated on cooling to —15°, 


Preparation of o-tolyl lithium from n-butyl lithium in hexane, We took 140 ml of 1,16 N hexane solution of 
n-butyl lithium (10,4 g) and added 27.6 g of o-bromotoluene; a light yellow color appeared, there was no heating, 
the solution was clear, A precipitate came down on standing overnight, We added 100 ml more of hexane; the pre- 
cipitate was stirred and filtered, It was washed on the filter four times with n-hexane and dried in a vacuum, Ad- 
mixed lithium bromide was 8", yield of o-tolyl lithium was about 12 g (75%), With subtraction of the admixed li- 


thium bromide, analysis for Li gave 6.99, 6.95%; calculated for CzHyLi, 7.08%, The reaction could be carried out 
with double or triple amounts, 


We could not separate a ternary complex of composition 2RLi* 1LiBr + 2 ether from o-tolyl lithium, Even 
from a solution 2 N for RLi and 2 N for LiBr with prolonged cooling to —75°, there was no precipitate of a complex 
or an etherate of LiBr; that is, this complex had much greater solubility, 


Preparation of p-tolyl lithium from n-butyl lithium in hexane, The reaction was carried out with 210 ml of 
1,16 N hexane solution of n-butyl lithium (15,6 g, 0,24 M) and 41.4 g of p-bromotoluene (0,24 M), dissolved in 50 
ml of n-hexane, After mixing, the solution was clear, almost colorless; there was no heating, This reaction did not 
always take place in one day; sometimes, the reaction mixture was left standing for two days, The white precipitate 
of p-tolyl lithium was filtered off, washed four times with n-hexane, and dried in a vacuum (2 hr), The yield of p- 
tolyl lithium was 80% (19,2 g), The admixture of lithium bromide varied from 7 to 15%, Analysis with subtraction 
of the lithium bromide gave good results: 6,82-6,88 / Li; by calculation, 7.08% Li. 


Preparing p-chlorophenyl lithium, Crystalline p-chlorphenyl lithium was not obtained in large amounts, since 
with small access of air (mixed with nitrogen or argon) there was rapid explosion. In a single operation we could ob- 
tain not more than 10 g of p-chloropheny! lithium, 


In the apparatus under argon we placed 115 ml of benzene solution of ethyl lithium (containing 3,15 g of ethyl 
lithium), and to it we added an equimolecular amount of p-chlorobromobenzene (16.7 g) in 25 ml of benzene; it 
stood overnight at room temperature, The yellow crystals which separated were filtered off under argon, washed 
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three times with n-hexane, and dried in a vacuum, Yield 5-7 g (50-60%); admixed lithium bromide from 1.5 to 8%, 
By analysis with subtraction of the lithium bromide: Li 5,61, 5.57%; calculated for CICgH,Li, Li 5.86%, 


Preparation of p-bromopheny] lithium, The preparation of p-bromophenyl lithium could also not be carried 
out with large quantities, because of the danger of explosion [18]. We took 100 ml of 0.66 N solution of ethyl lithi- 
um in benzene (2.4 g) and with cooling to 0° added under argon an equimolecular amount of p-dibromobenzene 
(15.4 g) in 35 ml of benzene, After standing for a night, the precipitate which separated was filtered under argon, 
washed three to four times with n-hexane, and dried in a vacuum, Yield of p-bromophenyl lithium 75-80%; admix- 


ture of lithium bromide from 1,5-5%, Analysis with subtraction of lithium bromide: Li 4,10, 4,15%; by calculation 
for BrCgHyLi, Li 4.28%, 


Method for obtaining solutions of organic lithium compounds in different ethers, Usually a sample of 4-5 g of 
aromatic organic lithium compound, pure or containing a mixture of lithium bromide or 0,5 g of ethyl lithium or 
methyl lithium, was dissolved under argon in 20-25 ml of the corresponding ether, The solution was filtered under 
argon to remove turbidity or precipitate (lithium bromide) through a pleated filter in a small filtration apparatus [11]. 
The freshly prepared solution was quickly used for determination of the infrared spectrum, and we made a parallel 
analysis of the solution for lithium aid halogen, 


When heating was observed in preparing the solution, the filtered solution was removed and analyzed, but then 
a second solution was prepared in which solution was carried out at 0° or at a lower temperature, The second solution 


was also removed and analyzed, In other cases, the solution was deliberately prepared by allowing heating to 40-50° 
or higher, or by warming it to this temperature (see [1]). 


If a large amount of lithium organic compound was sealed in an ampule, it was put in with a stream of argon 
at about 4-5 g of the substance, Removal of the substance from the ampule into the apparatus for soiution was car- 
ried out as follows: a nozzle was made on the side where the ampule was to be connected; it was closed with blow- 
ing through of argon. A ring of soft red rubber was put on the ampule so that it fitted exactly on the nozzle, and wax 
was removed from the end of the ampule, The ampule, filled with argon, was opened in the vertical position and 
the nozzle was immediately placed in it with a stream of argon passing [11]. Then the end of the nozzle was dis- 
connected and sunk 4-5 cm into the neck of the apparatus, with a counter current of argon passing through the nozzle 
and through the apparatus, The precipitate was transferred either into the empty apparatus and the ether was added 
later, or was put directly into the cooled ether, The apparatus was closed, shaken for solution, and the solution was 
then filtered through a pleated filter into a small filtration apparatus; after several minutes the sample was removed 


and rapidly used for measurement and analysis, Samples of the solution were transferred by a pipet filled with argon 
into an apparatus also filled with argon. 


SUMMARY 
1, We have described a method for synthesis of aromatic organic lithium compounds in hexane solution. 
2. We have studied ether solutions of aromatic and aliphatic organic lithium compounds by infrared spectra, 


3, We have observed intense bands in the region 560 cm”}, 900 cm"!, and 1070 cm™!, characteristic for ether- 
ates of ArLi. 
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A study of the kinetics of the reaction 


CsH;—CH.HgCl I, (CdI,) +- HgCll Cdl, 


in 70% dioxane and in the presence of an excess of iodine ions, using cadmium iodide [1] as the starting material, 
was reported in a previous communication, As an extension of the study of electrophilic substitution mechanism on 
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Fig, 2, Standardized curves d = f(c) for iodine 
solutions in the presence of cadmium iodide in 
a6 dimethylformamide (1) and methanol (2). 


a saturated carbon atom, the effect of solvent on the rates 
of those reactions was studied, Dimethylformamide, * 


aad aad G10 mye methanol, and ethanol* * were used as the solvents, 


Fig. 1, Standardized curves d = f(A) for iodine - The reaction kinetics were investigated spectro- 
solution concentration 2 * 10-* M /liter in the photometrically on an SF-4 spectrophotometer by study- 
presence of cadmium iodide of 2+ 10°* M/liter —_ ing changes in the optical density of iodine. The other 
concentration, in dimethylformamide (1) and products, starting and final, do not absorb in that region, 


methanol (2), Standardized curves d= f(A) for iodine solutions in the 


* Dimethylformamide was purified by shaking with alkali, followed by vacuum distillation. 
** Methanol and ethanol were dehydrated by the method given in [2], 
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10,0 0.739 
16,5 0,689 
22,5 0,640 
29.25 0) 604 


38,0 0,560 
50.0 0,509 
64,25 0,456 
75,0 0,426 
85 0,398 
97,75 0,370 
107 ,25 0,352 
118.5 0,334 
128.0 0,316 
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TABLE 2, Methanol 
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0,742 


6,0 0,605 
9,33 0,540 
12,0 0,496 
14,5 0,457 
17,5 0,422 
20,5 0,385 


23 ,66 0,357 
26 0,336 
29 0,312 
34,66 0,283 
39,0 0,259 


measured, 
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€o=1-10-% M/ liter 


TABLE 1, Dimethylformamide 


-20° 20° | t=159 
-1-10-* M/liter -0,5-10-3 M/liter; co M/ liter Co~ 1-10 * M/ liter 
«min | ¢@ | «min | | «mn | | 


presence of cadmium iodide and at iodine concentration of 2 - 10~* M/ liter for all solvents are given in Fig. 1, For 
the measurements we selected 4 470 my. The reaction was conducted with equimolar reagent ratios in the interval 


of iodine concentrations and benzylmercury chloride concentration of (0,5-1) + 1078 M /liter, The concentration of 
cadmium iodide was 1+ M/ liter. 


Within the interval of concentrations mentioned the solutions of iodine in the presence of cadmium iodide in 
all solvents obey the Lambert-Beer law: d= €cl, where d is the optical density, c is the concentration, J is the 
length of cuvette, € is molar absorption coefficient (Fig. 2), and thus the ratio cy /c can be replaced by the ratio of 
corresponding optical densities, The reaction kinetics were studied at 15, 20, and oT. 


To a thermostatically kept solution of iodine was added, under stirring, a solution of benzylmercury chloride 
previously maintained at the same temperature, The beginning of the reaction was assumed to be the moment of 
addition of the second reagent, Samples were taken at predetermined intervals, and their optical densities were 


2,0 0,452 1,75 0,815 1,5 0,839 
12,5 0,428 7,5 0,764 6,0 0,769 
22,0 0,398 15,5 0,732 10,5 0,718 
32,0 0,381 26,5 0,663 18,5 0,626 
43,25 0,357 37,75 0,619 24,5 0,573 
55,0 0,339 52,75 0,568 31,75 0,520 
65,5 0,320 65,0 0,526 40.25 0,471 
83,0 0,295 75,5 0,509 47,0 0,437 

102 ,25 0,274 87,0 0,470 57,0 0,398 
120,5 0,255 98,5 0,447 65,5 0,367 
145,75 0,235 113,0 0,421 
165 0,219 125,25 0,406 
184 0,210 139,75 0,376 


liter liter liter 


t- 
€o--0,5-10-* M/liter 


15° 


t~24° 
M/liter 1-10-° M/liter 


t. min | d min t. min 


1,5 0,728 1,75 

6,0 0,265 3,16 0,662 3,75 0,660 
11,16 0,246 7,75 0,610 6,16 0,564 
16,0 0,218 12,0 0,550 8,83 0,512 
21,25 0,201 15,75 0,503 11,83 0,452 
29,25 0,174 21,33 0,454 15,0 0,415 
34,16 0,169 25,0 0,419 17,5 0,375 
41,33 0,143 30,25 0,383 21,75 0,332 
46,33 0,134 36,75 0,348 25,25 0,309 
50,75 0,124 43 ,66 0,314 29,75 0,271 
54,16 0,115 49,5 0,284 36 ,0 0,254 

57,75 0,261 
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Fig. 3. Graphs of the ratio (dy — d)/d against T 
for reactions in dimethylformamide, relating to 
experiments 1, 2, 3, 4, 


Fig. 4, Graphs of the ratio (dy — d)/ dagainst T 
for reactions in dimethylformamide, relating to 
experiments 1, 2, 3, 4, 
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Fig. 5, Graphs of the ratio (dy — d) /d against T Fig. 6. Graph of the dependency of log K, on 
for reactions in ethanol, relating to experi- 1/T for dimethylformamide, 
ments 1, 2, and 3, 


The experimental data on changes in optical density of the solution in time are given in Tables 1, 2, and 3* 
for dimethylformamide, methanol, and ethanol, respectively, 


The rate constant of the reaction is properly expressed by the equation 


K, (2—1) 


Cot \ c 


Graphic representation within the coordinates [(dy — d)/ d] — T (Figs. 3, 4, and 5) illustrates convergence in the values 


of constants of second-order reactions for different initial concentrations of reagents at constant temperature in solv- 
ents under investigation, 


Table 4 givesthe valuesofrate constants of the second-order reactions for dimethylformamide, methanol, and 
ethanol, obtained at various temperatures, their logarithms, corresponding absolute temperatures, and their inverse 


magnitudes, Figures 6, 7, and 8 give the graphs of dependencies of the logarithm of the reaction rate on the in- 
verse temperature for dimethylformamide, methanol, and ethanol. 


*dp is most accurately determined by extrapolation of the kinetic curve to T = 0, 
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TABLE 3. Ethanol 


t= 15° 
M/ liter 


t=2u° t=25° 
Co=1-10-? M/ liter Co 1-10-38 M/ Liter 


t, min 


a 
lor) 


_liter 
K,=0, 189 
TABLE 4, 


liter 
sec 


Solvent T. - 104 Ky 


Dimethylform- 288 34,7 0,142 0,849 
amide 293 34,4 0,215 0,668 
298 33,5 0,347 0,460 

Methanol 288 34,7 0,575 0,250 
293 34,1 0.807 0,093 

297 33 ,6 0,954 0,022 

Ethanol 288 34,7 0,189 0,724 
293 34,4 0,279 0,556 


298 0,375 


Parameters of the Arrhenius equation were calculated from the data obtained, Table 5 gives the magnitudes 


of activation energies, entropy of the transitory composition, and logarithms of exponents of the reaction in various 
solvents, 


For the sake of comparison, constants of reaction rates obtained at 20°, and corresponding data for the reaction 


in 70% dioxane, are also given, It can be seen from the experimental data obtained that the reaction rates in solv- 
ents under study fall into the series: 


methanol > 70% dioxane > ethanol > dimethylformamide 


and that the activation energies and entropies of the transitory composition decrease correspondingly. Should the 
rate of the process be determined only by the polarity of the medium, then the series should read differently: 


dimethylformamide > methanol > ethanol > 70% aqueous dioxane 


in accord with the electrical constants of the solvents, We assume that, in the given case, the determining effect 
on the reaction course is not only the polarity of the medium, i,e,, solvation of the transitory composition, but also 
the ability of the solvent molecules to form complexes with the initial (CgH;CH,HgCl) and final (HgIC1) products, 
When we keep in mind that the attacking agent in all solvents is the same — the complex of I, with Cgl,, then it is 


obvious that the difference is only iu the complex formation (or solvation at the limits of complex formation) of the 
molecules of the initial benzylmercury chloride 


t. min | d | t, min | d | | | d 
4,83 0,791 15 0,822 | 0,741 
7,66 0,762 4,5 0,760 3, 0,687 
12,16 0,731 7 0,732 5. 
19,25 0,679 13,16 0,682 8, 
27,0 0,630 17,66 0,638 i, 
40,0 0,571 24,0 0,589 16, 
49,5 0,530 28,5 0,564 23, 
57,16 0,503 35,25 0,525 ys 
0,452 40,33 0,506 a2, 
83,75 0,430 46,0 0,474 38,75 0,406 
104,0 0;385 54,25 0,440 40,75 0,375 
118,0 0,356 61,75 0,410 49,75 0,359 
137,5 0,321 92,70 0,380 54,58 0,345 
, 84,33 0,350 59,0 0,341 
65,75 0,309 
_ 979 liter = liter 
| | K.=0,375 sec 
0,426 
1866 
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Fig. 7. Graph of the dependency of log Ky on 1/T 


Fig. 8, Graph of the dependency of log K, on 1/T 
for methanol, 


for ethanol. 


R 


(where R is a solvent molecule), which then leads to the weakening of the C—Hg bond, It is known that aqueous di- 
oxane is a highly complex forming substance, and thus the rate in it is much greater than in other solvents, despite 
the low dielectric permeability, equal to 18, When the complex-forming properties of solvents are about the same, 
i.e., in the case of compounds belonging to the same class as is the case with methanol and ethanol, the reaction 
rate will be determined by the polarity of the medium, which fully agrees with experimental data, Dimethylform- 
amide is a less complex-forming substance than are oxygeneous solvents and, therefore, the reaction rates in it are 
relatively low, despite the fact that its dielectric constant is relatively high (36.5), 


AS, 
kcal/ M entropy units at 20] liter/ M + sec 


15.3 11,1 


TABLE 5, 


Solvent 


Dimethylformamide 
Methanol 
Ethanol 

10% Dioxane 


The dependency of the activation energy on the activation entropy in the reaction of benzylmercury chloride 


with iodine in an excess of cadmium iodide, in the solvents studied, is strictly linear, i,e., the compensation effect 
has taken place, 


SUMMARY 


1, We studied the reaction kinetics of benzylmercury chloride with iodine in an excess of Cdl, in dimethyl- 
formamide, methanol, and ethanol, 


2. In all solvents the over-all reaction order was two, Reaction rate constants of the second order were deter- 
mined at various temperatures, 


3, Parameters of the Arrhenius equation and activation entropies were found, 
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The literature describes a reaction where an ethoxy group on silicon is replaced by a triethyl (propyl)siloxy 
group on reaction of methylethoxysilanes with triethyl- and tripropylhydroxysilane in the presence of a catalyst — 
sodium silanolate [1,2]. The reaction also takes place on prolonged heating of trimethylethoxysilane with dipheny] 
dihydroxysilane [3]. In this work we studied the reaction of aryl(alkyl)aminomethylethoxysilanes with triethylhydroxy - 
silane, dimethylphenylhydroxysilane, and with diethyldihydroxysilane, The study of this reaction showed that the in- 
troduction of an amino group in the a-position to a silicon atom in an organic radical enhances the reactivity of the 


alkoxy group in the exchange to the triethyl- or dimethylphenylsiloxy group. No catalyst is needed for the reaction, 
and it proceeds smoothly according to the following scheme: 


CH,X 
| 
XCH,CH,Si (OC2Hs)2 -+ 2 (C2Hs)3 SIOH > (C2Hs)3 +- 2C,H,OH, 


CHs 


where X (C,Hs5)2N--, CIC,HyNH—, \NcH, 


When the reagents of the reaction between diethylaminomethyl(methyl)diethoxysilane and triethylhydroxy- 
silane were poured together at room temperature, the mixture heated up. When the reaction mixture was gradually 
heated to 150° over a period of 1 hr, more than 70% alcohol distilled off. Fractionation of the products yielded 
1,1,1,3,3,3-hexaethyl-2-methyl-2-diethylaminomethyltrisiloxane in 78,5% yield, The reaction between phenyl- 
aminomethyldimethylethoxysilane and dimethylphenylhydroxysilane also proceeds well, During the first hour of 
heating of the reaction mixture already more than 70% of alcohol was formed, and 1,1,2,2-tetramethyl-1-phenyl- 
aminomethy]-2-phenyldisiloxane was obtained according to the scheme: 


CgHsNHCH, (CH3)2SiOC,H, (CH3)2 SiOH 
— CsH;NHCH, (CHs3),SiOSi (CH3),CsH; + C,H;OH. 


In the instances studied, the substitution of alkoxy groups by a triethyl- or dimethylphenylsiloxy group pro- 
ceeds easily, whether one or two ethoxy groups are being substituted, 


The reaction of phenylaminomethyldimethylethoxysilane with diethyldihydroxysilane proceeds in a much more 
complicated way, Two products were obtained from that reaction: 1,1,3,3-tetramethyl-2,2-diethyl-1,3-di(phenyl- 


aminomethy])trisiloxane and bis(phenylaminomethyl)tetramethyldisiloxane, The reaction proceeds not only accord- 
ing to the scheme: 


2CgHsNHCH, (CH )2SiOC,H, (C,Hs),SiOH 


| 
— CsH;NHCH, (CHs)eCHgNHCgH; + 
C,H, 


but also has side reactions. Among those processes, the condensation of diethyldihydroxysilane 
(CaHs5)2Si (OH). — HOSi (C,Hs)2—O—Si + H,O 


should be pointed out, The water which forms hydrolyzes the phenylaminomethyldimethylethoxysilane, which is 
followed by condensation of the hydrolysis product to bis(phenylaminomethy])tetramethyldisiloxane, 


As a result of these reaction studies, new compounds were obtained, which are represented in the table. The 
substitution reaction of an alkoxy group by a triethyl- and dimethylphenyloxy group is a nucleophilic substitution re- 
action, The ease of the exchange of the ethoxy group in aminomethylethoxysilanes for trialkyloxy groups is con- 
nected with the inductive effect of the nitrogen in the methyl radical on the silicon, Due to the inductive effect of 
the nitrogen, the silicon becomes more positive, and thus more easily undergoes the nucleophilic attack of trialkyl- 
(aryl)hydroxysilanes, The reaction mechanism can be expressed by the following scheme: 


CH, OC,H, 
+ OHSi(C,H;), C,H;NHCH,— Si. 


| “*OSi(C,Hs) 
CH, at 


—> C.H.NHCH,Si(CH,),OSi(C,H,), + C)H,OH . 


EXPERIMENTAL 


1,1-Dimethy1-1-phenylaminomethy1-2,2,2-triethyldisiloxane (I), Into a flask provided with a stirrer, thermom- 
eter, and reflux condenser, was placed 13,7 g (0,068 M) freshly distilled phenylaminomethyldimethylethoxysilane 
and 9 g (0.68 M) freshly distilled triethylsilanol, The reaction mixture was heated for two hours with stirring, and 
the temperature was slowly raised to 170°, Only when the temperature in the reaction flask reached 85-90° did the 
formation of alcohol begin. After 2 hr of heating, 2 g (65%) of alcohol was distilled off, boiling point 78-80°, n”D 
1.3640, The rest was vacuum distilled and yielded 16,3 g of a product boiling at 122-125° (1 mm); yield 84.5%, 
After repeated distillation, b.p. 109-109,5° (0.5 mm), Constants of the compounds obtained are given in the table, 


Found: C 60,96, 60.63; H 9,96, 9.86; Si 18.98, 18.79; N 4.93, 5.06%, CysHa9Si,N,O,. Calculated: C 60.93; H 9,89; 
Si 19,00; N 4,63%, 


1,1,1,3,3,3-Hexaethyl-2-phenylaminomethyl-2-methyltrisiloxane during heating (III), Analogously, heating 
of 8.5 g (0.036 M) phenylaminomethyldiethoxysilane and 9.5 g (0.072 M) triethylsilanol for 1 hr yielded a distillate 
of 2.7 g (80%) alcohol. Distillation yielded 10,3 g of a product boiling at 150-165° (1 mm); yield 71%, After re- 


peated distillation, bp. 145-150° (0.5 mm) (see table), Found: C 58,54, 58.39; H 9,93, 9.94; Si 20,34, 20,54; N 3,9, 
4.1%, CopHgSisNO,. Calculated: C 58,34; H 10.04; Si 20.47; N 3.0%, 


1,1,1,3,3,3-Hexaethyl-2-diethylaminomethyl-2-methyltrisiloxane (IV), Analogously, heating of 8.5 g (0,064 
M) triethylsilanol and 7,0 g (0,032 M) diethylaminomethylmethyldiethoxysilane yielded 9,8 g of a product boiling 
at 105-115° (1 mm); yield 18,5%, After repeated distillation, b,p. 102-106° (1 mm) (see table), Found: C 55,36, 


55,28; H 11.47, 11,45; Si 21.59, 21,70; N 3,97, 3.82%, CygHysSisNOp, Calculated C 55,17; H 11,57; Si 21.51; N 
3.57%, 


1,1,1,3,3,3- Hexaethyl-2-morpholylmethylmethyltrisiloxane (V). Analogously, 8.5 g (0,064 M) of triethylsilan- 
ol and 7,3 g (0.031 M) morpholylmethylmethyldiethoxysilane yielded 9.5 g of a product boiling at 132;135° (1 mm); 
yield 74.6%, After repeated distillation, b.p. 129-131° (1 mm) (see table), Found: C 53,14, 53,19; H 10,51, 10,76; 
Si 21,00; 21.06; N 4.1%, CygHysSisNO,. Calculated: C 53,28; H 10.68; Si 20.77; N 3.45%, 


1,1,1,3,3,3-Hexaethyl-2- chlorophenylaminomethylmethyltrisiloxane (VI). Analogously, 8 g (0.029 M) of 
chlorophenylaminomethylmethyldiethoxysilane and 7,9 g (0.05 M) triethylsilanol yielded 6.3 g of a product boiling 
at 160-170° (2 mm); yield 48%, After repeated distillation, b.p, 151-153° (0.5 mm) (see table), Found: C 54,07, 
54,17; H 8.92, 9.04; Si 18,42; N 4.0%, CypHg9SigNO,Cl. Calculated: C 53,86; H 8,98; Si 18.89; N 3.14%, 


1,1,2,3,3-Pentamethyl-1,3-diphenyl-2-phenylaminomethyltrisiloxane (VII), Analogously, when 4,7 g (0.03 M) 
of dimethylphenylsilanol and 4,2 g (0,015 M) phenylaminomethylmethyldiethoxysilane reacted, the yield was 2 g of 


a product boiling at 187-195° (1 mm) (see table), Found: C 63,74, 63.74; H 7.29, 7.13; Si 18,58, 18.37; N 3.88%, 
CygHygSisNOz. Calculated: C 63,80; H 7.36; Si 18,65; N 3.1%, 
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1,1,2,2-T etramethyl- 1-phenyl-2-phenylaminomethyldisiloxane (II), Analogously, 2.8 g (0,018 M) of dimethyl - 
phenylsilanol and 4,0 g (0,019 M) phenylaminomethyldimethylethoxysilane yielded 2 g of a product boiling at 123 
to 125° (1 mm) (see table), Found: C 64,41, 64,66; H 7.87, 7.95; Si 18.07, 17.87; N 4.37, 4.17%, CygH»gSi,NO, Cal- 
culated: C 64,70; H 7.983 Si 17,80; N 4.43%, 


1,1,3,3-Tetramethyl-2,2-diethyl-1,3-di-(phenylaminomethy1)trisiloxane (VIII), Analogously, when 10.4 g 
(0.05 M) phenylaminomethyldimethylethoxysilane reacted with 3,0 g (0.025 M) diethylsilandiole, the product was 


2.5 g of a substance boiling at 173-175° (0.5 mm) (see table), Found: C 59,35, 59,62; H 8,58, 8,58; Si 18,59, 18,33; 
N 6.52, 6.31%, CopHggSigNpO,, Calculated: C 59,13; H 8,50; Si 18,86; N 6.27%, 


SUMMARY 


1, The reaction of alkyl(aryl)aminomethylethoxysilanes with alkyl(aryl)hydroxysilanes was studied, and it was 
established that the introduction of a nitrogen atom into the organic group greatly enhances the reactivity in the a- 
position of the alkoxy group regarding exchange for the trialkyl(aryl)siloxy group. 


2, Eight new compounds containing two and three silicon atoms per molecule were synthesized and character- 
ized, 
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The reaction of unsaturated nitriles with silicochloroform and alkylsilanechlorohydrides has been described in 


detail in the literature [1-5]. In the presence of platinum catalysts the SiCl, group of silicochloroform adds to acrylo- 
nitrile in the 6 -position [1-2]: 


Methyldichlorosilane reacts with acrylonitrile to form a mixture of a- and 6 -addition products [2] : 


CH,=CHCN + CH,SiCl,H CH;—CH—CN + (CH,) Cl,SiCH,CH,CN 
i (CHs) Cl, 


In the case of unsaturated nitriles whose molecules contain the -C = N and CH, = CH- groups, one or more of 


the methylene groups is released, and the CH;SiCl, group of the methyldichlorosilane occurs at the end of the mole- 
cule of the olefin [3]: 


CH,=CH (CH,),CN + CH,SiCI,H -» CHsCl,SiCH,CH, (CH;),CN 


where n= 1, 


At the same time, the problem of the addition of alkoxysilanehydrides to cyanoolefins has not been elucidated 
at all in the original literature, In a patent [6] the possibility is indicated of the addition of alkoxysilanehydrides to 
unsaturated nitriles in the presence of organophosphorus compounds as catalysts and at increased pressure, 


The purpose of the present work was to investigate the possibility of the addition of alkoxysilanehydrides to un- 
saturated nitriles (allylcyanide, the 6 -cyanoethyl ether of allyl alcohol, and acrylonitrile) and to study the hydrogena- 


tion of the cyanoalkylethoxysilanes produced, As a result of the investigation which we carried out, we established 
that the addition proceeds according to the scheme 


where R' = —CHs, —OC,Hs, or -OCHg; R = or —C,Hg; X = -OCH,CH,CN or -CN, 


The reaction went at atmospheric pressure when a mixture of equimolar quantities of the reagents was boiled 
in the presence of Pt/C (20% Pt) or of a 0,1 N solution of H,PtClg in isopropyl alcohol, The yields of the addition 
products amounted to 40-50% based on the components used, and up to 85% on the basis of the unsaturated nitrile 
that reacted, When the reaction was carried out in sealed glass ampules at 150-180°, the yields of the products 
could be increased, and the reaction time considerably shortened, In all cases, the main reaction was accompanied 
by disproportionation of the alkoxy radicals of the starting alkoxysilanehydrides : 


2 (CgH,O)sSiH — + 


and the dihydride produced underwent further disproportionation., 
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A study of the IR absorption spectra of the w-cyanoalkyltrichlorosilanes* that we obtained showed the absence 
of frequencies characteristic of the —CHg group. On the basis of this fact, we ascribed the following structure to the 
nitriles that were obtained: Cl,SiCH,CH,CH,CN and Cl,SiCH,CH,CH,OCH,CH,CN, 


The w-cyanoalkyltrialkoxysilanes which were prepared by the addition of trialkoxysilanehydrides to unsaturated 
nitriles, and those which were obtained by the addition of HSiCl, to unsaturated nitriles with subsequent esterification 
of the w-cyanoalkyltrichlorosilanes with alcohols had identical properties, This permits the conclusion that the addi- 
tion of (RO),SiH to the unsaturated nitriles proceeds in a similar manner to the addition of Cl,SiH, i.e., the trialkyl- 
oxysilyl group is located at the end of the molecule, When CH;(OC,Hs),SiH reacts with unsaturated nitriles, it is 
possible that a mixture of isomeric products of addition at the double bond is formed, as is indicated by the wide boil- 
ing ranges of the products obtained, On the basis of the data in [7], it also might be expected that products of the re- 
action of the silanehydrides with the unsaturated nitriles at the site of the triple bond of the -C=N group would be 
formed, In our study of the IR spectra of the products of addition of HSiCHs(OC,Hs), to CH, = CHCH,CN and CH, = 
CHCH,OCH,CH,CN however, we did not observe frequencies characteristic of the CH, = CH—- and = N—N groups, 
which indicates addition only at the double bond, 


We were not successful in adding (C,H;O),SiH to acrylonitrile either at atmospheric pressure or at increased 
pressures (in glass ampules at 150-180°) in the presence of the catalysts Pt/C, H,PtClg, (CH3)gNC(=O)H, (C4Hg)3N, 
SnCl, (CgHsCOO),0 — SnCl, mixture, etc, Under these conditions polymerization of acrylonitrile and disproportiona- 
tion of the triethoxysilane occurred, or the starting materials were recovered unchanged, Hydrogenation of the w- 
cyanoalkyltriethoxysilanes obtained to the corresponding primary amines was carried out in the presence of skeletal 
Co or Ni catalysts under pressure by the method described by us earlier [8-10], In the process of studying the hy- 
drogenation reaction, it was established that the nature of the catalyst and the structure of the nitrile, as would be 
expected, have considerable effect on the yield of primary amine, In all cases in the presence of Co catalyst the 
reaction proceeded more selectively than with nickel: the yield of amine was higher, and the residue less, The 
yield of amine when a y-cyanoalkyitrialkoxysilane was hydrogenated was higher than when 6 -cyanoethyltriethoxy- 
silane was reduced, In the present work we also showed the possibility of hydrogenating «,w-(dicyanoalkyl)tetraethoxy- 
disiloxanes to the corresponding primary «,w-diamines, The a,w-dinitriles mentioned were obtained as byproducts 
in the esterification of w-cyanoalkyltrichlorosilanes, 


EXPERIMENTAL 


The properties of the nitriles and dinitriles obtained are given in Table 1; the conditions and results of their 
hydrogenation in Table 2, and the properties of the amines in Table 3, 


The alkoxysilanehydrides were prepared by the action of absolute alcohols on HSiCl, or (CH3)SiHCl, at 0° in 
the presence of pyridine as an acceptor of hydrogen chloride; they had the following properties: (C,H;O),SiH, b.p. 
135°, n”D 1,3771, 0.8965; b.p. 101°, n”D 1.3769, 


Synthesis of Cl,SiCH,CH,CH,CN (1). To 26,8 g (0.4 M) of allyl cyanide at 110° was added 4 drops of 0,1 N 
solution of H,PtClg in isopropyl alcohol, and then 43 g (0,4 M) of silicochloroform was added over the course of 4 hr, 
After the temperature of the mixture reached 155°, another 8 g of HSiCl, was added, and the mixture was boiled for 


3hr, By fractional distillation 58,5 g of crude (I) was isolated with b,p, 110-112° (12 mm); yield 12,2% based on 
the unsaturated nitrile used, 


Synthesis of Cl;SiCH,CH,CH,OCH,CH,CN (II), To 122 g (1.1 M) of 8-cyanoethyl ether of allyl alcohol at 100° 
was added 4 drops of 0,1 N H,PtClg solution in isopropyl alcohol, and then 147.7 g (1.1 M) of HSiCl, was added over 
the course of 5 hr, After addition of an excess (28 g) of HSiCl3, the mixture boiled at 98°, By fractional distillation 
154 g of crude (II) was isolated with bp. 145-150° (8 mm); yield 57.3% based on the unsaturated nitrile used, 


Synthesis of (HsC,O),SiCH,CH,CH,CN (III), From allyl cyanide and triethoxysilane, To a mixture of 50 g 
(0.3 M) of triethoxysilane, 2 drops of 0,1 N solution of H,PtClg in isopropyl alcohol, and 10 g of allyl cyanide, after 
boiling for 2 hr, was added 20 g of allyl cyanide (0,3 M) and boiling was continued until the boiling point reached 
149° and did not change for 2 hr, As a result of fractionation of the reaction products, we obtained 7 g of the start- 
ing nitrile, 6 g of tetraethoxysilane with b.p, 164,5°-168°, and n”D 1,3840, and 33,5 g of y-cyanopropyltriethoxy- 
silane. The yield of the last-named compound was 48% based on the allyl cyanide used, and 65,5% based on the 
allyl cyanide that reacted, When a mixture of 23,5 g of (C,H,O),SiH and 9,5 g of CH, = CHCH,CN was boiled with 


0,05-0,3 g of platinized carbon (Pt 20%), the addition reaction did not go and the allyl cyanide was recovered from 
the reaction, 


*In the region of the valence vibrations (2800-3000 cm”); LiF prism) and deformation vibrations (1300-1500 cm"); 
NaCl prism), 
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TABLE 2, Catalytic Hydrogenation of Cyanoalkylsilanes in the Presence of Skeletal 
Catalysts 


Hydrogenation |Comp.of [uo 

yorog reaction mix].8 

conditions 

| & CE 


Ni 85 110 | 14 39,6} 60,4] 33,0 
the same Co 80 120 | 14:1] 76 24 | 61, 
(C,H,0): eSICH CH, CH,CN Co 85 100 | 4:1] 81 19 | 73,0 
the same Co 80 105 | 4:41] 70 30 | 53,0 
NCCH.CH,Si(OC,Hs)2],0 Co 80 100 | 1:4] 61 39 | 46,0 
C,H,O)3SiCH,CH,CN Co*} 85 100 | 1:1] 65 35 | 50,0 


*Co boride, 


TABLE 3, Properties of Organosilicon Amines and Diamines 


MR 


B.p., ‘Cc n2 20 
(p, mm Hg) 4 calc, 


1 ,4243]0 9408] 63,86] 63.79 
1,431-]) 9648] 75,28] 74,84 
| ,0056 96,32 95,94 


Formula of compound 


| 112—115 (1) 
174—176 (6) 


From y-cyanopropyltrichlorosilane and ethanol, To a mixture of 36,8 g (0.08 M) of absolute ethanol and 
63,2 g of pyridine (0,08 M) in 200 ml of absolute ether was added, over the course of 2 hr with stirring, 40 g (0,2 M) 
of Cl;SiCH,CH,CH,CN, and the mixture was stirred for another 6 hr, The next day, after the pyridine salt formed 
had been filtered off with suction and the solvent had been distilled off, (II1) was obtained with b.p, 108° (4 mm); 


nD 1.4168; 0.9673; found: MR 60,11; calculated MR 60,22, and also the disiloxane 
(IX) (see Table 


Synthesis of (CzHsO0),SiCH,CH,CH,OCH,CH,CN (IV), From 6 -cyanoethyl ether of allyl alcohol and triethoxy- 
silane, When a mixture of 25 g (0,225 M) of 8 -cyanoethyl ether of allyl alcohol, 37 g (0.225 M) of triethoxysilane, 
and 0,05 g of platinized carbon (20% Pt) was boiled for 11 hr, the boiling point rose from 144 to 165°, Then, after 
the (C,HsO)3SiH and (OC,Hs),Si had been distilled off, 12 g of the starting nitrile with b.p, 78-86° (6 mm) and nD 
1,4315, and 24 g of crude (IV) with b,p, 152-170° (6-8 mm) and n’ 20D 1.4268 were isolated, Upon repeated distilla- 


tion the b.p. of (IV) was 142° (3 mm); the yield was 38% based on the reagents used, and 81% based on the nitrile 
reacted, 


By the same method we prepared NCCH,CH,CH,Si (OC2Hs)CHs3 (V) (see Table 1), b.p. 120° (16 mm) to 130° 
‘(17 mm), 1, 4209, 1.4260, yield based on reagents used 45%; and NCCH,CH,OCH,CH,CH,Si (OC,Hs),CHs (VI) 
(see Table 1), b.p, 117- 105° (1 mm), nD 1.4300, d, 1,4314, yield based on reagents 54%, Upon repeated distilla- 

tion the materials also boiled over wide ranges, The middle fractions were taken for analysis, 


From y~(8 - cyanoethoxy )propyltrichlorosilane and ethanol. To a mixture of 29,44 g (0.64 M) of absolute eth- 
anol and 50,5 g (0.64 M) of pyridine in 250 ml of absolute ether was added, over the course of 2 hr, with stirring, 
40 g (0.16 M) of Cl,SiCH,CH,CH,OCH,CH,CN and stirring was continued for another 6 hr at 20°, After the usual 
treatment, 9 g of crude (IV) was isolated with b.p, 156-159° (5 mm), contaminated with chlorine-containing com- 
pounds, By repeated treatment of this material with alcohol and pyridine an analytically pure product was obtained 
with b.p, 125,5-125,8° (1 mm), n”°D 1,4269, d™, 0.9928; MR found 71,20; MR calculated 71,25, Furthermore, we 
obtained from the experiment 9 g of a fraction with b.p. 260-261° (5 mm) which was the disiloxane 
[NCCH,CH,OCH,CH,CH,Si (OC,Hs),},0 (X) (Table 1), 
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Synthesis of (C,HsO),SiCH,CH,CN. By a method similar to that used in the preceding experiments, we reacted 
Cl1,SiCH,CH,CN (188 g), C,zHsOH (184 g), and pyridine (316 g) in solution in 1,2 liters of heptane. We obtained 130g 
of 6 -cyanoethyltriethoxysilane (60% based on the Cl,SiCH,CH,CN used) with b,p, 123-126° (15 mm), nD 1.4136, 
The compound obtained contained practically no hydrolyzable chlorine. Furthermore, in this experiment we obtained 


20 g of the siloxane [NCCH,CH,Si (OC,Hg))}p (VIII) with b.p. 204,0-205,.5° (7 mm), In a similar manner, we obtained 
NCCH,CH,OC H,C HC Hp Si (OCHs)s (VII). 


Hydrogenation of w-cyanoalkylalkoxysilanes, Hydrogenation of the nitriles that had been prepared was carried 
out in a rotating autoclave, The catalyst and the conditions of hydrogenation are shown in Table 2, The nickel 
catalyst was prepared by exhaustive leaching of a Ni—Al alloy (50:50) by boiling in 10% sodium hydroxide solution, 
The Co catalyst was prepared by a method previously described [11], The amount of the catalyst used in the experi- 
ments was 20-25% of the weight of the nitrile taken for the reaction, To avoid hydrolysis of the w-cyanoalkylalkoxy- 
silanes, the reaction was carried out in absolute alcohol and the hydrogen supplied to the autoclave was dried over 
granulated potassium hydroxide, The catalysate was distilled first at atmospheric pressure (to remove the alcohol), 
and then at decreased pressure (to remove the amine fraction), The purity of the amine fraction was determined by 
the acidimetric method, From Table 2 it can be seen that when (C,HsO),SiCH,CH,CN and (C,HsO),SiC H,CH,C H,- 
OCH,CH,CN were hydrogenated, the yield of the corresponding w-aminoalkyltriethoxysilane obtained with the Co 
catalyst was almost twice as high as with the Ni catalyst under similar conditions, Under identical conditions of hy- 
drogenation the corresponding w-aminoalkyltriethoxysilanes were produced in higher yields from y-cyanopropyltri- 
ethoxysilane than from 6 -cyanoethyltriethoxysilane, 


Experiments on repeated hydrogenation showed that on the same portion of skeletal cobalt catalyst it was pos- 
sible to carry out numerous hydrogenations (up to 20 times) without a decrease in yield of the amine fraction, In the 
presence of contaminating halogen-containing compounds in the starting w-cyanoalkyltrialkoxysilanes, the length of 
service of the catalyst and the yield of the amine fraction were considerably diminished, Hydrogenation of w-cyano- 
alkyltrialkoxysilanes also could be carried out in the presence of Co/Al,Os or Co boride catalyst. The latter was 
prepared by a previously described method [12]. In the experiment with the boride catalyst, the yield of y-amino- 
propyltriethoxysilane was somewhat lower than with the skeletal cobalt catalyst. Furthermore, we determined that 


the use of ammonia as the medium for the hydrogenation of w-cyanoalkyltriethoxysilanes was possible only after it 
was carefully dried, 


SUMMARY 


1, The alkoxysilanehydrides add to CH, = CHCH,CN and CH, = CHCH,OCH,CH,CN at the double bond in the 
presence of platinum catalysts at atmospheric pressure, 


2. The order of addition (according to Farmer's rule) of triethoxysilane and trichlorosilane to CH, = CHCH,CN 
and CH, = CHCH,OCH,CH,CN in the presence of platinum catalysts has been demonstrated, 


3, The conditions for the hydrogenation of w-cyanoalkylalkoxysilanes on skeletal nickel and cobalt catalysts 
to the corresponding w-aminoalkylalkoxysilanes have been worked out, 
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The synthesis of esters of cyclohexanone-2-phosphonic-1 acid encounters considerable difficulties, since the 
usual routes of synthesis of esters of phosphonic acids — the rearrangement reaction of A, E, Arbuzov and the Michaelis- 
Becker reaction — lead to other products [1]. In a short communication [2] we presented a route for the synthesis of 


an ester of cyclohexanone-2-phosphonic-1 acid starting from 2,6-dibromocyclohexanone through the mixed phosphoric 
ester of the enol form of cyclohexanone-2-phosphonic acid: 


re) 
oO 
(C3H,0)2P 
Br— \—Br (OC,Hy), 
| +2P > + O=P « 
(I) (II) (III) 


* We observed the transition of trans-2,6-dibromocyclohexanone with m.p. 36° to the cis-isomer on recrystallization 


In that communication it was indicated that the reaction between triethyl phosphite and 2,6-dibromocyclo- 
hexanone does not go smoothly, but is accompanied by the formation of a number of byproducts, and depends to a 
great extent on the reaction conditions, In addition to the main reaction product (II), low-boiling fractions are formed 
and also a product which is difficult to separate from the ester (II) and contains a larger percentage of phosphorus, 


In the present communication we present the results of a more detailed investigation of the products obtained 
by the action of triethyl phosphite on 2,6-dibromocyclohexanone, The reaction between (I) and triethyl phosphite 
proceeds in a complex manner, We have not determined all the directions of reaction with certainty, but the main 
directions of interaction of triethyl phosphite with 2,6-dibromocyclohexanone have been established, One of the 
causes of the complex course of this reaction may be the different reactivity of the conformational isomers of 2,6- 
dibromocyclohexanone, Therefore, the first series of experiments was carried out with trans-2,6-dibromocyclohexa- 
none, It should be noted, however, that under the conditions of the experiment partial isomerization of the trans- 


isomer to the cis-isomer could occur, Such an isomerization has been observed in the case of cis- and trans-2,6-di- 
chlorocyclohexanone [3]. * 


The main product of the reaction between trans-(ae)-2,6-dibromocyclohexanone and triethyl phosphite was 
the diethylphosphoric ester of the enol form of the ester of cyclohexan-2-onephosphonic-1 acid (II) (about 50%); its 
structure was demonstrated both by analytical data* * and by preparation from it of the ester of cyclohexanone-2- 
phosphonic-1-acid (III) by a transesterification reaction with ethyl alcohol [4]. The constants of the ester (III) coin- 
cided with the constants of the ester (III) obtained by saponification of the ester of 1-ethoxycyclohexene-1-phosphon- 
ic-2 acid [2]. The dinitrophenylhydrazone of the ester (III) melted at 109-109,5°, 


and prolonged standing in a desiccator, 


* *It should be pointed out that the phosphorus content of fraction (II) as a rule exceeded the calculated amount by 
0.3-0.7%, 
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Fig. 1, IR absorption spectrum of fraction with b.p, 104-107° (2.5 mm). 
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Fig. 2, UV absorption spectra of solutions in methanol: 1) product 
with b.p, 120-122° (4 mm); chromatographic fractions of product 
with b,p, 120-122° (4 mm); 2) 111-112° (2 mm); 3) 109-110° (1,5 
mm); 4) 138-141° (3,5 mm), 
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Fig. 3, IR absorption spectrum of chromatographic fraction with b.p. 
111-112° (2 mm). 


The Raman spectra [4], the IR spectra [2], and the UV spectra [4] of the two preparations proved to be identi- 
cal, An investigation was made of the low-boiling fractions by fractional distillation and study of the spectra of the 
fractions obtained, Fractional distillation of the lowest fractions on a column of 8 theoretical plates permitted sepa- 
ration of diethylphosphorous acid and triethyl phosphate, The fractions boiling above triethyl phosphate, at 100-160° 
(2,5 mm) on the column of 8 theoretical plates decomposed, These fractions, therefore, after distillation from an 
Arbuzov flask, were subjected to spectral analysis, A fraction was separated with b.p, 104-107° (2.5 mm), np 
1.4703, d™, 1.1455 (about 25%), which, with respect to its phosphorus analysis, closely approached the diethyl ester 
of cyclohexanone-2-phosphonic acid,* A study of the IR and Raman spectra of this fraction showed, however, that 

it was a complex mixture of products of similar composition, 


The Raman spectrum of the fraction with bp. 104-107° (2.5 mm) had the following frequencies (cm™): 


240 (0), 298 (1), 330 (0), 494 (0), 556 (0), 614 (0), 657 (1), 744 (2b),* * 793 (0), 815 (2), 836 (2), 
848 (1), 917 (0), 948 (1), 980 (1), 1003 (2b),* * 1025 (3), 1047 (1), 1077 (1), 1101 (3), 1156 (2), 
1174 (1), 1243 (4), 1267 (1), 1293 (1), 1305 (1), 1343 (1), 1371 (1), 1394 (2), 1435 (3), 1450 (3), 


1487 (1), 1535 (2), 1573 (2), 1595 (8), 1634 (4), 1659 (1), 1684 (2), 2730 (0), 2840 (2), 2871 (2), 
2899 (3), 2936 (6), 2978 (3), 3053 (3), 3068 (3), 


The IR spectrum of the fraction with b,p, 104-107° (2.5 mm) is given in Fig, 1; in it there are absorption bands 
at 1591, 1629, 1655, 1679, and 1708 cm™’, The frequencies 1679 cm in the IR spectrum and 1684 and 3068 cm™! 
in the Raman spectrum may indicate the presence of the mixed diethylcyclohexen-1-yl-1 ester of phosphoric acid 

[1]* ** or of diethylbromo-6-cyclohexen-1-yl phosphoric ester.**** The frequency 1708 cm! in the IR spectrum 


* Phosphorus content 1,2% less than calculated for (III). 
**b = broad line, 


***The mixed ester could be produced as a result of contamination of the 2,6-dibromocyclohexanone with mono- 
bromocyclohexanone, 


****For details see the following communication, 
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indicates the presence of the diethyl ester of cyclohexanone- 
2-phosphonic-1 acid (III), The infrared frequency 1629 cm! 
and the Raman frequency 1633 cm™ indicate the presence of 
the enol form of the diethyl ester of cyclohexanone-2-phosph- 
onic acid, The frequencies in the Raman spectrum 1535, 1573, 
and 1595 cm™ may indicate the presence of compounds with 
conjugated double bonds, As will be shown further, in the frac- 
tion with b.p. 104-107° (2.5 mm) the mixed diethyl phenyl 
ester of phosphoric acid was present, as well as unsaturated 
esters of phosphoric acid, The formation of these products was 
demonstrated with greater conclusiveness in the experiment be- 
tween cis-2,6-dibromocyclohexanone (ee) and triethyl phosphite. 
The cis-2,6-dibromocyclohexanone (ee) [5] used for the re- 
action melted after recrystallization from ether at 104-106°; 
its IR spectrum had the frequencies of the C=O group at 

1750 (s) and 1730 cm? (m) [6]. From the products of the re- 
action of the dibromide of m,p. 104-106" with two moles of 
triethyl phosphite we isolated from the lower fractions, after 
fractional distillation, diethylphosphorous acid and triethyl 
phosphate, as confirmed by their constants and IR spectra, 


ion, % 


Absorpt 
S 


From the high-boiling fractions we isolated, by distilla- 
tion, a fraction with b.p, 120-122° (4 mm), nD 1,4630, d”°, 
1460 1260 1060 1,1225, which corresponded in its analysis* and constants to 

the diethyl ester of cyclohexanone-2-phosphonic-1 acid, With 
Fig. 4, IR absorption spectra: 1) chromatographic _ ferric chloride the fraction gave an intense lilac color; its IR 
fraction b.p, 138-141° (3,5 mm); 2) tetraethyl spectrum coincided with that of the diethyl ester of cyclohexa- 
ester of hypophosphoric acid, none-2-phosphonic acid with the exception of weak absorption 

bands at 1655 and 1591 cm™! and a shoulder in the direction of 
the higher frequencies on the absorption band of the P = O group which were absent from the spectrum of the ester 
(III), The Raman spectrum of this fraction confirmed the data of the IR spectrum [frequencies for C = O at 1713 (1) 
and C=C at 163% (6) cm74}, The fraction contained contaminating unsaturated compounds [frequencies at 1573 (9), 
1595 (4), 3044 (4), and 3070 (2) cm™}, The UV spectrum had an absorption maximum at 267.5 my (logk 2.9) and 
absorption in the region of 220 my (logk 2.7) (Fig. 2, Curve 1), 


For a more detailed investigation of the fraction with b.p, 120-122° (4 mm), it was subjected to chromatography 
on silica gel and elution with petroleum ether + ether and ether + ethyl alcohol, The first fraction from the chroma- 
tography had the b,p, 111-112° (2 mm), nD 1,4720; its IR spectrum (Fig, 3) was very similar to that of diethyl 
phenyl phosphate [7] (frequencies 1591, 1489, 1270, 1211 cm”, etc.), The fraction was contaminated with small 
amounts of phosphonocyclohexanone (III) (frequencies 1708 C=O and 1629 C= C), and a product with conjugated 
double bonds (frequency 1655 cm™)* *; its UV spectrum (Fig, 2, Curve 2) had an absorption maximum at 262.5 mu 
(log k 3,04) and 220 my (log k 2,94), which indicated the presence of conjugated bonds, The product extracted with 
15% ether + 25% petroleum ether proved to be the diethyl ester of cyclohexanone-2-phosphonic-1 acid [b.p, 109-110° 
(1.5 mm), n”°D 1,4653, d®°, 1.1255]; it gave a bright violet color with FeClg; its identity with (III) was also shown by 
the IR spectrum and the UV spectrum (Fig, 2, Curve 3), From the fraction eluted by ether + 10% alcohol we isolated 
a product with b.p. 138-141° (3,5 mm), n”°D 1,4300, containing 16.78% P, The UV spectrum of the fraction is shown 
in Fig. 2, Curve 4, The IR spectrum indicates the presence in the fraction of the tetraethyl ester of hypophosphoric 


acid, as can be seen from Fig, 4, where the spectra of the latter and of the fraction with b,p, 138-141° (3,5 mm) are 
given. 


*The amount of phosphorus found exceeded the calculated value by lg. 
* *Comparison of the IR spectra of this fraction and the fraction with b,p. 104-107° (2.5 mm) (Fig. 1) of the experi- 
ment with trans-2,6-dibromocyclohexanone showed the presence of common absorption bands, 
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The data obtained permit us to give the following diagram for the complex course of the reaction when tri- 
ethyl phosphite acts on 2,6-dibromocyclohexanone: 


O O 
Il ll 
O OP (OC,Hs)2 


Br—/ \—Br Br—/ \ ,0),P—(/ 
| | +P | | 


—HBr I | 
+ HP (OC,Hs)2 
| av 11) 
Lavy 
(OC,Hs)z (OC;Hs5)2 O 
= ( ) 
(V1) (V) + (IIT) 
(C,H,0),P—O—P 


P(OC,H;)3 -+ HBr +C,H,Br HP (OC,H;); 


The unsaturated bromocyclohexenyl ester of phosphoric acid (IV) can react with a second molecule of triethyl 
phosphite to give (II) or to split out a molecule of hydrogen bromide with the formation of diethyl cyclohexadieny] 
ester of phosphoric acid (V), The latter is dehydrogenated to the diethyl phenyl ester of phosphoric acid (VI), The 
ease of aromatization of cyclohexadiene derivatives has been mentioned more than once in the literature [8]. The 
hydrogen bromide split out with triethyl phosphite gives diethylphosphorous acid which, reacting with ester (II), yields 
the ester of cyclohexanonephosphonic acid and tetraethyl hypophosphate, The hypophosphate ester was not isolated 
in the pure form, although fractions close to it in their constants were obtained on chromatographing, Contamina- 
tion with the hypophosphate ester may explain the high phosphorus content of the ester of cyclohexanonephosphonic 
acid, The possibility of forming the ester of cyclohexanonephosphonic acid by the action of diethylphosphorous acid 
on ester (II) was confirmed by an experiment on the action on ester (II) of diethylphosphorous acid with the forma- 
tion of ester (III), The IR and UV spectra of the product of the action of diethylphosphorous acid on ester (II) and of 
the transesterification of (II) with ethyl alcohol coincide completely, The route described for the preparation of the 
ester of cyclohexanonephosphonic acid is not unique, As has been shown by experiment, when ester (II) is heated to 
a high temperature it splits out diethylphosphorous acid which, according to the diagram given above, yields with 
ester (II) the ester of cyclohexanonephosphonic acid (III). 


EXPERIMENTAL 


The UV spectra were determined in an SF-4 quartz spectrophotometer, The IR spectra were determined for a 
capillary film of liquid in a Hilger H-800 spectrograph, The Raman spectra were determined in an ISP-51 spectro- 
graph from the 4358 A excited blue line of a mercury lamp, 


Preparation of 2,4-dinitrophenylhydrazone of the diethyl ester of cyclohexanone-2-phosphonic-1 acid, The 
experiment was carried out under the conditions described previously [1], The diethyl ester of cyclohexanone-2- 
phosphonic-1 acid with b.p, 111-113° (1 mm) [2] gave the 2,4-dinitrophenylhydrazone upon prolonged standing, 


After repeated recrystallization from ethyl alcohol the m.p. was 109-109.5°, Found: P 7,26, 7.72%, CygHagOqPNy. 
Calculated: P 7.47%, 


Action of triethyl phosphite on 2,6-dibromocyclohexanone of trans-structure, A fraction from one of the ex- 
periments described earlier [4] with b.p. 48-100° (2,5 mm) was distilled on a column of 8 theoretical plates, Two 
fractions were obtained: I) b.p, 47-49° (2.5 mm, n”D 1,4100, d, 1.0642, Fraction I gave a dark lilac color with 
3,5-dinitrobenzoic acid; it reacted with metallic sodium, II) Triethyl phosphate with b.p, 67.5-69,5° (3 mm), np 
1.4122, d”, 1.0578, Fraction II did not give a color with 3,5-dinitrobenzoic acid nor react with metallic sodium, 


Fractional distillation of the fraction with b.p. 100-160° (2,5 mm) was carried out in an Arbuzov flask. A frac- 
tion was obtained with b.p. 104-107° (4,5 mm), 1.4703, 1.1455 (11 g), Found: P 12.10, 11.95%, CygHygO,P. 
Calculated: P 13,24%, With FeCl, in CH,OH a weak, disappearing color was observed, A second distillation of the 
ester with b.p, 172,5-173° (2.5 mm) [4] yielded a product with b.p. 174-175° (3 mm); nD 1.4673; d, 1.2111, 
Found: P 17,53, 17.44% 


Action of diethylphosphorous acid on the diethylphosphoric ester of the enol form of the ester of cyclohexanone- 
2-phosphonic-i acid (II), To a solution of sodium diethylphosphite in diethylphosphorous acid prepared from 5 g of 
diethylphosphorous acid and 0,2 g of metallic sodium was added 5,7 g of ester (II) with b.p, 174-175" (3 mm), The 
mixture was heated on a water bath in an Arbuzov flask for 7 hr, 


Upon distillation the following were obtained: diethylphosphorous acid, a fraction with b.p. 53-57° (2,5-3 mm) 
triethyl phosphate, and a fraction of the diethyl ester of cyclohexanone-2-phosphonic-1 acid with b.p. 106-109° (3 
mm), 4”, 1.1063, n*°D 1.4605, 1 g. The latter gave an intense lilac color with FeCl, in methanol. The reaction 
did not go to completion and a thick residue that did not distill remained in the flask, 


Action of triethyl phosphite on 2,6-dibromocyclohexanone of cis-structure, To 38,6 g of triethyl phosphite 
placed in an Arbuzov flask was added in portions 29.8 g of 2,6-dibromocyclohexanone with b.p. 98-100° [5]. During 
this process partial solution of the dibromide took place, Complete solution occurred when the reaction mixture was 
heated on a water bath, The mixture was heated for 1,5 hr at 90-100°, then for 3 hr more on an oil bath, The 
temperature of the bath was gradually brought to 180°. Upon distillation of the mixture the following were obtained: 
1) ethyl bromide, 21.6 g (theoretical 25 g); 2) a fraction with b.p, 38-62° (4 mm), 5 g; the latter gave an intense 
lilac color with 3,5-dinitrobenzoic acid, characteristic of diethylphosphorous acid; 3) a fraction with b.p, 66-69° (4 
mm), 11,7 g, nD 1,4075, d, 1.0653 — triethyl phosphate (no color was obtained with 3,5-dinitrobenzoic acid); 4) 
a fraction with b.p. 120-122° (4 mm), 7 g, n*°D 1,4630, d™, 1.1225, Found MR 57.47, Found: P 14,24, 14,08%, 
CypHygO%P. Calculated: P 13,14%; with FeCl, in methyl alcohol solution it gave an intense lilac color. 


The fraction with b.p, 120-122° (4 mm) was chromatographed on silica gel. For 4,2 g of material, 270 g of 


ASK brand silica gel with an activity of 6,5 units was used, Petroleum ether, diethyl ether, and methanol were em- 
ployed as eluants, 


The following fractions were obtained: I) b.p, 111-112° (2 mm),* n”D 1,4720, eluted with petroleum ether — 
diethyl ether mixture (1:1); II) b.p. 109-110° (1.5 mm),* n”°D 1,4653, 4”, 1.1255, 2 g eluted with a petroleum 
ether — diethyl ether mixture (1:3), with FeCl, in alcohol solution gave an intense lilac color; III) b.p, 138-141° 


(2.5 mm),* n”D 1,4300, 0.5 g, eluted with diethyl ether — methanol mixture (9:1); found: P 16.78%, gave no color 
with FeCl. 


SUMMARY 


1, The reaction of triethyl phosphite with 2,6-dibromocyclohexanone follows a complex course, In addition 
to the expected diethylphosphoric ester of the enol form of the ester of cyclohexanone-2-phosphonic-1 acid, by- 
products are formed which are produced by conversions of the latter compound (diethyl ester of cyclohexanone-2- 
phosphonic~1 acid and tetraethyl ester of hypophosphoric acid), and also an intermediate product, diethyl bromo-6- 
cyclohexen-1-yl phosphoric ester [diethylcyclohexadien - 1,5-yl phosphate, diethyl phenyl phosphate], 


2, The cis- and trans-isomers of 2,6-dibromocyclohexanone react differently with triethyl phosphite, The 
trans-isomer gives the diethylphosphoric ester of the enol form of the ester of cyclohexanone-2-phosphonic-1 acid 
as the main reaction product, With the cis-form the diethyl ester of cyclohexanone-2-phosphonic-1 acid is formed, 
In both cases, the products enumerated in paragraph 1 also are obtained, 
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In a previous communication we proposed a scheme for the reaction between 2,6-dibromocyclohexanone and 
two moles of triethyl phosphite to explain the complex course of this reaction (I) 


O 
(OC,Hs)2 OP (OC.Hs)s 
| P(OC,Hy)s | 
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According to this scheme, the bromoester (IV) which is formed initially can react with a second molecule of triethyl- 
phosphite to give the expected ester (II), or with splitting out of hydrogen bromide to go over to the diene ester (V), 
which is easily aromatized to the diethyl phenyl ester of phosphoric acid (VI). 


To confirm the correctness of the proposed scheme, it was of interest to stop the reaction at the stage of forma- 
tion of the bromoester (IV) and to show the possibility of its conversion to the diene ester (V) and the aromatic ester 
(VI) under the conditions that the reaction was carried out, With this purpose we studied the reaction of 2,6-dibromo- 
cyclohexanone with one molecule of triethyl phosphite, The reaction went vigorously and on heating above 130° 
complete decomposition of the reaction products occurred, Even at a bath temperature below 130° partial decom- 
position occurred on distillation, Therefore, in order to determine the nature of the products initially formed, we ob- 


: tained the IR spectra before distillation of the reaction mixture and of the separate fractions of the distillate. The 


product of reaction of trans-2,6-dibromocyclohexanone (ae) with one molecule of triethyl phosphite before distilla- 

tion had the IR spectrum shown in Fig. 1, Curve 1; in it the broad absorption band in the region of double bonds con- 
sists of superimposed bands with a frequency of 1653 cm™, which should be related to the diene (V), and a shoulder 

at about 1680 cm™, which probably is related to the double bond of the bromoester (IV). 


The product of vacuum distillation of the reaction mixture with b,p, 39-42° (2 mm) consisted mainly of cyclo- 
hexanone, The fraction with b.p. 81-86° (1.5 mm) in the IR spectrum (Fig, 1, Curve 2) had a very intense absorption 
band at 1680 cm“, corresponding to the C=O group of cyclohexanone, and strong bands at 1591 and 1491 cm”, 
which are characteristic of the diethyl phenyl ester of phosphoric acid (VI) [1]. Thus, the diene ester (V) on distilla- 
tion obviously is partially* converted to the phenyl ester (VI). 


*The frequency 1655 cm“, which is characteristic of the diene (III), is overlapped by the intense broad band of 
cyclohexanone at 1680 cm™, 
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Purer products were obtained by treatment of the reaction mixture [2,6-dibromocyclohexanone + 1 M P(OC)Hs)s] 
with triethylamine, After separation of the triethylamine hydrobromide from the reaction products, we isolated, on 


100 


| 

fl | 
| 
2 iv 
| 
= 

\ j 


1760 


1560 1360 1160 960 760 


yout 


Fig. 1, IR absorption spectra of reaction mixture of 2,6-dibromo- 


cyclohexanone + (C,HsO)3P (1 M): 1) before distillation; 2) frac- 
tion with b.p, 81-86° (1.5 mm), 


distillation, cyclohexanone [b.p. 44-58° (2-3 mm), semicarbazone with m.p. 166-167", band at 1680 cm”! in the R 
spectrum, UV maximum 224 mp ] [2], triethyl phosphate [b.p. 63° (1 mm), np 1,4150, IR spectrum], and a fraction 
with b,p, 105-110° (1 mm), n”°p 1,4775, d*,, 1.1406. With respect to its analysis for phosphorus and its IR spectrum, 
this fraction coincided with the fraction with b,p, 104-107° (2,5 mm) which was obtained by the action on 2,6-di- 
bromocyclohexanone (trans-form) of two molecules of triethyl phosphite [1], The IR spectrum of the fraction with 
b.p. 105-110° (1 mm) is given in Fig, 2, Curve 1, and the UV spectrum in Fig, 3, In the IR spectrum there are the 


frequency 1655 cm”, which indicates the presence of the diene (V), and the frequency 1591 cm", which indicates 
the presence of the phenyl ester (VI). 


In the UV spectrum of this fraction there is an absorption maximum at 262,5 my (logk 3,64), which is char- 
acteristic of the 1,3-cyclohexadiene system [3]. The presence of a conjugated system in the fraction with b.p, 105 
to 110° (1 mm) was verified by treating it with maleic anhydride, A fraction was obtained with b,p, 118-119° (2mm), 
in the IR spectrum of which (Fig. 2, Curve 2) there appeared, instead of the frequency of the diene bond at 1655 cm, 
absorption bands of the anhydride group at 1777 (s) and 1846 (w) [4], and the bands at about 1680 and 1591 cm™ for 
the diethyl bromo-6-cyclohexen-1-yl and diethyl phenyl esters of phosphoric acid were preserved, which were found 


accordingly in the spectrum of the product with b,p, 105-110° (1 mm) before treatment with maleic anhydride (Fig, 2, 
Curve 1), 


As can be seen from our statement, the data obtained are in complete agreement with the previously proposed 
scheme for the reaction of 2,6-dibromocyclohexanone with triethyl phosphite, Also in accordance with the scheme 
presented were experiments that we set up on the action of triethyl phosphite (2 M) on 2,6-dichlorocyclohexanone 

(trans- and cis-forms), In this case, half of the phosphite used was recovered, From the reaction products we isolated, 
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with b.p, 118-119° (2 mm), 


log k 


A, 


220 240 260 260 500 


Fig. 3, UV absorption spectrum of fraction with b.p, 105 
to 110° (1 mm) in CH,OH. 


*b = broad line, 


Fig. 2, IR absorption spectrum of fraction with b.p. 105-110° (1 mm) before and after 
treatment with maleic anhydride: 1) fraction with b,p, 105-110° (1 mm); 2) ester 
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in 70% yield, diethyl chloro-6-cyclohexen-1-yl phos- 
phoric ester (IV) (in the place of the bromine there is 
an atom of chlorine) with the following constants: b.p. 
141° (2 mm); n”° 1,4700; d”°, 1.1984; MR 62,56: for 
; calculated MR 63,09, 


The Raman spectrum had the following frequen- 
cies 


173 (3b),* 216 (2), 272 (2), 330 (1), 373 (1), 472 (2), 
515 (2), 533 (5b), 577 (2), 14 (3), 642 (1), 695 (5), 

712 (6), 748 (6b), 785 (1), 818 (2), 852 (2), 890 (2), 

912 (3), 936 (3), 982 (3), 1035 (4), 1084 (5), 1100 (4), 
1152 (2), 1183 (2), 1230 (5), 1260 (2), 1293 (5),1337 (2), 
1348 (1), 1373 (5), 1395 (1), 1436 (6), 1452 (4), 

1476 (1), 1620 (1), 1673 (8), 2727 (1), 2842 (4),2873(4), 
2900 (3b), 2933 (7), 2974 (5b), 3060 (2). 
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Fig. 4, IR absorption spectrum of diethyl chloro-6-cyclo- 


hexen-1-yl ester of phosphoric acid, 
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Fig, 5, UV absorption spectra in CH,;OH: 1) fraction 
with b.p, 107-114° (1.5 mm), Diethyl chloro-6-cyclo- 
hexen-1-yl ester of phosphoric acid, 2) With b.p, 141° 


(2mm); 3) with bp, 132° (1 mm); 4) after transesterifi- 
cation, 


520 2,17 


In the IR spectrum of the diethyl chloro-6-cyclo- 
hexen-1-yl ester of phosphoric acid (Fig. 4) there was 
a band at 1672 cm” for the C=C group and a wide 
intense band for the P= O group with maxima at 1279 
and 1231 cm™, As follows from the results obtained, 
because of the lower reactivity of chlorine in compari- 
son with bromine, in the case of dichlorocyclohexanone 
the product with only one chlorine atom was formed 
smoothly in the reaction with the phosphite. An at- 
tempt to replace the second atom of chlorine by the 
action of a second molecule of triethyl phosphite on 
the monochloride under more severe conditions (temp- 
erature up to 210°) did not lead to product (II), 


Upon heating, hydrogen chloride was split out 
with the formation of the diene compound [b.p. 107 to 
114° (1,5 mm)], 1.1171, 1.4523; its UV spec- 
trum had an absorption maximum at 270 my (log k 3,1) 
(Fig. 5, Curve 1), In view of the small amounts, we 
did not investigate it in more detail. When the cis- 
isomer of 2,6-dichlorocyclohexanone was reacted with 
triethyl phosphite (2 M) the same results were obtained 
as with the trans- isomer, The constants of the mono- 
chloride obtained, and its Raman, IR and UV spectra 
(Fig. 5, Curve 3) coincided completely with those ob- 
tained from the trans-isomer (Fig. 5, Curve 2), The 
diethy! chloro-6-cyclohexen-1-yl ester of phosphoric 
acid did not transesterify with ethyl alcohol in the 
presence of metallic sodium or HzPQ,, On the basis of 
the UV spectral data (Fig. 5, Curve 4), it may be con- 
sidered that in transesterification in the presence of 
sodium alcoholate splitting out of hydrogen chloride 
occurs to a small extent with the formation of the di- 
ene compound (V) (small maximum at about 270 mp ), 
The instability of the bromoester (IV) and the ease of 
splitting out hydrogen bromide make understandable 
the small yields of the ester of cyclohexanone-2-rhos- 
phonic acid obtained in our experiments on the bromina- 
tion of the diethyl cyclohexenyl phosphoric ester with 
bromosuccinimide [5] and in the reaction of cis-2,6- 
dibromocyclohexanone with triethyl phosphite [1], 


When the diethyl cyclohexeny] ester of phosphoric 
acid was brominated with bromosuccinimide, by ana- 
logy with the data of Machinskii and Barkhash [6] for 
the bromination of cyclohexenyl acetate with bromo- 
succinimide, where 6-bromocyclohexen-1-yl-1 ace- 
tate was obtained, we should have obtained the brom- 
ide (IV), Bromide (IV) can react with triethyl phosphite 
to give (II), or can undergo conversions indicated in the 
diagram given at the beginning of this article, 


A detailed study of the products obtained in this reaction permitted isolation of diethylphosphorous acid, tri- 
ethyl phosphate, and a fraction with b,p, 113-114° (2 mm), d’% 1.1216, n°D 1,4613, which had constants close to 
those of the diethyl ester of cyclohexanone-2-phosphonic acid, A study of its IR and Raman spectra showed that it 


contained the diethyl ester of cyclohexanone-2-phosphonic acid (frequencies 1712, 1634, and 1162 cm™*), the 


log k 1 
4 
20 
40 
* 
1887 


diethyl cyclohexenyl ester of phosphoric acid used in the bromination reaction (frequencies 1685 and 1138 cm”), di- 


ethyl cyclohexadienyl phosphate (V) (frequencies 1655 and 1148 cm”), and the diethyl phenyl ester of phosphoric 
acid (VI) (frequencies 1591 and 1490 cm”), 


From the higher fractions we isolated a fraction with b.p. 140-143° (2,5 mm) which contained 13% bromine 
and 14,88% phosphorus, The fraction probably was a mixture of the bromide (IV) and its isomer diethyl 3-bromo- 
cyclohexen-1-yl-1 ester of phosphoric acid, with tetraethyl hypophosphate, We did not isolate a fraction correspond- 
ing to product (II), Thus, the reaction of the product of bromination of the diethyl cyclohexeny! ester of phosphoric 
acid by bromosuccinimide with triethyl phosphite proceeded similarly to the reaction of cis-2,6-dibromocyclohex- 
anone with triethyl phosphite [1]. 


EXPERIMENTAL 


The UV spectra were determined in an SF-4 quartz spectrophotometer, The IR spectra were determined for a 
capillary film of liquid in a Hilger H-800 spectrograph, The Raman spectra were measured in an ISP-51 spectro- 
graph from the 4358 A excited blue line of a mercury lamp. 


Reaction of trans-2,6-dibromocyclohexanone with triethyl phosphite (1M:1M). To 48 g of freshly distilled 2,6- 
dibromocyclohexanone with b.p, 118-120° (2 mm), nD 1.5628 was added dropwise, with cooling, 31 g of triethyl 
phosphite. After one day the mixture was heated for 2 hr, The temperature of the bath was gradually brought to 130°, 
In this process 14.6 g of ethyl bromide (theoretical amount 20,4 g) was distilled off. The remaining ethyl bromide 
was drawn off with suction from the reaction mixture, after it had been cooled, with a water pump under slight heat- 
ing. The mixture was a light yellow in color and gave no coloration with FeCl;, The reaction mixture was divided 
into three portions, Vacuum distillation of the first portion at a bath temperature of 170° proceeded with violent de- 
composition and resinification, Distillation of the second portion was carried out at a bath temperature not higher 
than 130°, The following fractions were obtained: I) b.p, 39-42° (1.5 mm); II) b.p, 81-86° (1.5 mm) with a phenol 
odor, the color of strong tea, quickly darkening in the air and thickening on standing, A Beilstein test for halogen 
was positive; no color was given with FeCl;, Distillation proceeded with decomposition; in the flask there was a 
large amount of undistilled residue, III) The third portion of the mixture was treated, without distillation, with tri- 
ethylamine, To 16 g of the mixture in 40 ml of dry ether was added dropwise 8 g of triethylamine (50% excess), 
The mixture did not heat up, The mixture was further heated, first on a water bath with a reflux condenser for 8 hr 


(1.5 g of triethylamine hydrobromide was formed), then in a sealed tube at 90° for 20 hr. A total of 4.6 g (50% of 
theory) of triethylamine hydrobromide separated out, 


Upon distillation of the mixture after separation of the precipitate, the following fractions were obtained: I) 
b.p. 44-58° (2 mm), which yielded a semicarbazone with m.p. 166-167° [2]; II) b.p. 63° (1 mm), n”D 1,4150, tri- 
ethyl phosphate identified by its IR spectrum; III) b,p, 105-110° (1 mm), d™%y99 1.1406, nD 1.4775; found MR 57.58, 
Found: P 12,20, 12,30%, Cy9HygQP. Calculated: P 13,24%, IV) b.p, 110-112° (1 mm), 1,579, nD 1.4715, 
There was a large amount of tarry residue in the flask, 


Fractions (III) and (IV) were further treated with maleic anhydride, To 1,2 g of material was added 0,5 g of 
freshly distilled maleic anhydride, The mixture was heated for 10 min, on a water bath to complete solution of the 
maleic anhydride, The mixture thickened and greatly darkened, It did not crystallize on cooling, Distillation in 
a special umbrella-type flask gave the following fractions: I) b.p, 67-71° (3 mm), with a sharp phenolic odor, yield- 
ing tribromophenol on treatment with bromine water; II) b.p, 118-119° (2 mm), nD 1.4520, There was a consider- 
able amount of undistilled residue in the flask, 


Reaction of 2,6-dichlorocyclohexanone with triethyl phosphite (1M:2M), 2,6-Dichiorocyclohexanone was pre- 
pared by the action of sulfuryl chloride on 2-chlorocyclohexanone [7]. On distillation of the reaction mixture, cis- 
2,6-dichlorocyclohexanone was obtained with b,p. 119° (3 mm), crystallizing on standing, Recrystallization from 
ether gave white crystals which darkened on standing, with m.p,72-72,5° [8]. By distillation of the lower fractions 
on a column of 17 theoretical plates we obtained gem-2,6-dichlorocyclohexanone with b.p, 65,5-69° (2 mm), n'5p 
1,4970, as, 1,2983 [8]. The Raman spectrum of the gem-isomer had the following frequencies (cm™!): 


188 (4b), 233 (6), 279 (4), 287 (5), 303 (2), 333 (0), 360 (9), 429 (3), 298 (8), 568 (10), 647 (1), 738 (5b), 
806 (4), 838 (4), 859 (4), 948 (2), 992 (3), 1023 (0), 1056 (7), 1083 (4d),* 1118 (2), 1144 (1), 1223 (2), 
1259 (4), 1271 (4), 1318 (2), 1337 (2), 1432 (5), 1452 (6), 1659 (1), 1683 (1), 1744 (6), 2660 (0), 2818 (0), 
2853 (3), 2876 (6), 2917 (10), 2959 (10b), 


*d = double line, 


1888 


| 
| 


Gem-2,6-dichlorocyclohexanone was isomerized in glacial acetic acid containing HCl [8]. After the isomeriza- 
tion a small fraction of the cis-form was isolated, By distillation of the liquid portion on a column of 17 theoretical 
plates trans-2,6-dichlorocyclohexanone was obtained with b.p. 82-82,5° (2.5 mm), n’®p 1.5067, d'5, 1.3198 [8]. Tke 
Raman spectrum of 2,6-dichlorocyclohexanone with b.p, 82-82,5° (2.5 mm) had the following frequencies (cm~'): 


225 (3), 260 (2), 282 (1), 319 (3), 333 (6), 362 (1), 432 (1), 456 (6), 489 (6), 526 (0), 586 (5), 667 (5b), 
696 (4), 787 (3), 810 (2), 855 (2), 873 (4), 936 (1), 972 (4), 1032 (2), 1057 (2), 1079 (4), 1102 (1), 
1158 (2), 1615 (2), 1653 (3), 1691 (2), 1734 (4), 2842 (2), 2872 (5), 2910 (4b), 2929 (4), 2959 (6b), 
2988 (5). 


To 34,7 g of 2,6-dichlorocyclohexanone with b,p, 82-82,5° (2.5 mm) (trans-form) was added dropwise, with 
cooling, 69 g of triethyl phosphite, When the first half of the triethyl phosphite was added, strong evolution of heat 
by the reaction mixture was observed; addition of the second half did not cause heating. The mixture was heated on 
an oil bath for 1.5 hr; the temperature of the bath at the end of the experiment was brought up to 180°. Upon vacu- 
um distillation, 32 g of triethyl phosphite was recovered with b.p, 49-51° (11 mm), d°, 0.9660, nD 1.4115, Asa 
result of several redistillations of the higher fractions, we obtained the diethyl chloro-6-cyclohexen-1-yl ester of 
phosphoric acid with b.p. 141° (2 mm), n°D 1.4700, d™) 1,1984 (50.4 g); yield 70%, Found: P 11,79, 11,81; Cl 
13,12, 13.17%, MR 62.56. Calculated: P 11,54; Cl 13.19%, MR 63,09. 


The reaction of triethyl phosphite with cis-2,6-dichlorocyclohexanone with m,p, 72-72,5°, carried out under 
the same conditions, proceeded similarly to the experiment with trans-2,6-dichlorocyclohexanone, Somewhat less 
evolution of heat by the reaction mixture was observed, From the reaction we recovered 50% of the triethyl phosph- 
ite unreacted, The diethyl chloro-6-cyclohexen-1-yl ester of phosphoric acid was obtained with bp, 132° (1 mm), 
np 1,4701, d%, 1.1989, Transesterification of the diethyl chloro-6-cyclohexen-1-yl ester of phosphoric acid (19 g) 
was carried out with absolute ethyl alcohol (30 ml) in the presence of metallic sodium (0.3 g), The mixture was 
heated for 2 hr on a water bath, Upon distillation the following fractions were obtained: I) b.p. 67° (24 mm), 1 g; 
II) b.p. 72-81° (3,5 mm), 2,1 g; III) b.p. 150-153° (3,5 mm), 14.8 g, Fraction III was again treated, first with an 
alcoholic solution of C,HsONa, whereupon the mixture was heated for 6 hr on a water bath, and then with absolute 
ethyl alcohol in the presence of H3PO, with heating for 6 hr on a water bath, Upon distillation the following fractions 
were obtained: I) b.p, 53-65° (3 mm), small amount; II) b.p. 141-141,5° (2.5 mm), 7.5 g, 1.1677, 1.4640, 
Found: P 1183, 11.65%, 


Action of triethyl phosphite on diethyl chloro-6-cyclohexen-1-yl phosphoric acid, A mixture of 5 g of diethyl 
chloro-6-cyclohexen-1-yl ester of phosphoric acid with b.p, 141° (2 mm) and 3,1 g of triethyl phosphite was heated 
in an Arbuzov flask for 4 hr at a temperature of 205-215°, Ethyl chloride was evolved, Upon distillation the frac- 
tions obtained were: I) b.p. 59-60° (2 mm), 2.8 g, 9, 1.0609, n”°p 1.4080, diethylphosphorous acid; II) b.p. 107 to 
114° (1,5 mm), 0,8 g, d”, 1.1171, nD 1.4523, containing no halogen, giving no color with FeCls. 


Action of triethyl phosphite on the product of bromination of diethyl cyclohexenyl phosphate with bromosuc- 
cinimide, To a solution of 47 g of diethyl cyclohexenyl ester of phosphoric acid in 50 ml of dry CCl, was added in 
portions, with stirring, 35.7 g of bromosuccinimide, The mixture was heated on a water bath at a temperature not 
higher than 85° until the bromosuccinimide dissolved, After one day, 17.3 g of succinimide was filtered off (theo- 
retical amount 19,9 g); the solvent was distilled off in vacuum, The residue was washed several times with water 
and dried with Na,SO,. The product was not distilled, 


To 51 g of the product obtained was added dropwise 27 g of triethyl phosphite. The reaction mixture did not 
evolve heat, The mixture was heated on an oil bath for 2,5 hr; the temperature at the end of the experiment was 
brought up to 185°, Ethyl bromide (13,3 g) distilled off (theoretical amount 17,7 g), As a result of several fraction- 
al distillations with a Widmer dephlegmator, the following fractions were obtained: I) b,p. 53-59° (2.5 mm), 7 g; 

II) b.p. 65-78° (3 mm), 10 g, 1,4155; III) b.p. 113-114° (2 mm), 10.5 g, n”D 1.4613, d”, 1.1216, containing no 
halogen, giving an intense lilac color with FeCl, in CH;OH; IV) b.p, 140-143° (2.5 mm), 5 g, n”D 1,4495, d™, 
1.2393, The fraction was again distilled: b.p, 133-136° (1.5 mm), n”D 1,4520, d™) 1.2462, Found: Br 13,22,13,08; 
P 14,73, 15.02%, CypHygO,PBr. Calculated: Br 25,52; P 9.91%, 


SUMMARY 


1, The reaction of trans-2,6-dibromocyclohexanone with one and two molecules of triethyl phosphite follows 
a complex course, The reaction with one molecule of triethyl phosphite stops at the stage of formation of the di- 
ethyl bromo-6-cyclohexen-1-yl ester of phosphoric acid, which is further converted to diethyl cyclohexadien-1,3- 
yl-2 phosphate and diethyl phenyl phosphate, The diethyl phosphoric ester of the enol form of the ester of cyclo- 
hexanone-2-phosphonic-1 acid is not produced in this process, 
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2. The cis- and trans-isomers of 2,6-dichlorocyclohexanone react with two molecules of triethyl phosphite 
with the formation of diethyl chloro-6-cyclohexen-1-yl ester of phosphoric acid, 


3, The bromination of the diethyl cyclohexeny! ester of phosphoric acid with bromosuccinimide with subse- 
quent treatment with triethyl phosphite does not lead to the diethylphosphoric ester of the enol form of cyclohexan- 


one-2-phosphonic-1 acid, A mixture of products is formed similar to the mixture obtained when triethyl phosphite 
acts on cis-2,6-dibromocyclohexanone, 
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We recently reported the synthesis of diethyl-, dipropyl-, and ethylphenyl-vinylphosphine oxides [1]. Some 


tertiary vinylphosphine oxides were synthesized by one of us with Chzhan Zhun-yui and Tsevetkov [2]. We synth- 
esized diphenylvinylphosphine oxide as follows: 


CH,—CH, 
AIC 


—HCl 
(CcH;)sP (0) CH,CH,Cl ——_, (CHs)2P (0) CH=CH, « 


The first stage of the synthesis, the conversion of dichlorophenylphosphine into chlorodiphenylphosphine, was 


carried out by the catalytic disproportionation of dichlorophenylphosphine in presence of aluminum chloride with 
continuous removal of the phosphorus trichloride formed by distillation: 


2 CaH,PCl, 


Chlorodiphenylphosphine is formed in 70% yield, The method is simple and readily reproducible [3,4].* In 
an analogous way we have prepared chloroditolylphosphine in 65% yield. 


The second stage of the synthesis, the reaction of chlorodiphenylphosphine with ethylene oxide, was carried 
out by the passage of a stream of ethylene oxide into chlorodiphenylphosphine, It should be noted that the union of 
two phenyl groups to the tervalent phosphorus atom lowers the reactivity of the P—Cl bond, Phosphorus trichloride 
reacts the most vigorously with ethylene oxide [5], dichlorophenylphosphine reacts with it somewhat less vigorously 


[1,6], but the reaction with chlorodiphenylphosphine, though exothermic, requires heating to 60° for 1 hr for its com- 
pletion, 


The third stage of the synthesis, the isomerization of 2-chloroethyl diphenylphosphinite into (2-chloroethyl)- 
diphenylphosphine oxide, does not proceed smoothly. Depending on the reaction conditions (atmospheric pressure or 


vacuum), variable amounts of (2-chloroethyl)diphenylphosphine oxide and ethylenebis(diphenylphosphine) dioxide 
(CgHs)2P(O)C HzCH2P(O) (CgHs)2 are formed, 


The formation of ethylenediphosphine derivatives has been observed previously. Thus, one of us found that, 
in the isomerization of aromatic esters of 2-chloroethyl dihydrogen phosphite the main product was tetraaryl ethyl- 


enediphosphonate [7]. We observed the formation of dioxides in the isomerization of 2-chloroethyl dialkylphosphin- 
ites [1]. 


Further, in the isomerization of 2-chloroethyl diphenylphosphinite, as a result of spontaneous dehydrochlorina- 
tion, the two above-mentioned products are accompanied by diphenylvinylphosphine oxide, If the reaction product 


is treated with alkali, diphenylvinylphosphine oxide becomes the main reaction product. The third and fourth stages 
of the synthesis are thus combined, 


* We worked out this method in 1960, but did not publish it in view of the appearance of the communications [3] and [4]. 


To verify the structure of the oxide obtained we carried out a confirmatory synthesis from vinylphosphonic di- 
chloride and phenylmagnesium bromide: 


EXPERIMENTAL 


Chlorodiphenylphosphine, Dichlorophenylphosphine (72 g, 0.4 mole) was heated in a weak stream of nitrogen 
in presence of 3 g (4% by weight) of anhydrous aluminum chloride in an apparatus which enabled the phosphorus tri- 
chloride formed to be fractionated off. As the reaction proceeded, the bath temperature was raised (from 220° to 
30v°) so as to keep the reaction mixture at the boil. Heating was stopped after the liberation of about 0.2 mole of 
phosphorus trichloride (this required about 2 hr), The residue was vacuum-fractionated, We obtained 31 g (70%) of 
chlorodiphenylphosphine; b.p. 119-120° (1 mm), nD 1.6360, d™, 1.1935; m.p. 14-16°. The literature [8] gives: 
b.p. 111-112° (0.3 mm), n”D 1.6361. 


Chloroditolylphosphine, This was prepared analogously by the disproportionation of dichlorotolylphosphine at 
240-320°; yield 65%; b.p. 132-133° (1 mm), n”D 1.6190, d™, 1.1470, Found: C 67.0, 67.0; H 5.7, 5.8; P 12.4, 
12.4; Cl 14,6, 14.6%, CygHygPCl. Calculated: C 67.6; H 5,7; P 12.4; Cl 14,3%, The melting point of methyldi-p- 
tolylphosphine prepared from chlorodi-p-tolylphosphine was 143-144°, The literature [9] gives m.p. 143-144’, 


2-Chloroethy! diphenylphosphinite, Dry ethylene oxide was passed into a stirred solution of 22.0 g (0.1 mole) 
of chlorodiphenylphosphine in 40 ml of dry benzene; in the course of 30 min the temperature of the reaction mixture 
rose to 60° and then began to fall, Ethylene oxide was passed further for 1 hr with heating of the reaction flask (bath 
temperature about 60°), After removal of solvent in a vacuum we obtained 2-chloroethyl diphenylphosphinite,which 
we succeeded in solidifying by cooling; the yield was quantitative; m.p. 26-27° (from hexane), Found: C 64,0, 64.0; 
H 5.5, 5.4; P 11.6, 11.9; Cl 13,2, 13.4%, CygHygPOCl, Calculated: C 63,5; H 5.3; P 11.7; Cl 13.4%, 


Diphenylvinylphosphine oxide and ethylenebis(diphenylphosphine) dioxide, 2-Chloroethyl diphenylphosphinite 
(7.9 g, 0.03 mole) was heated in a vacuum (10 mm) in a stream of nitrogen at about 160° for 90 min. When cool, 
the reaction mixture crystallized out; the loss in weight was 0.6 g. The crystalline mass was ground to a powder and 
rubbed out with 15 ml of acetone; 15 ml of ether was then added, and the undissolved precipitate of ethylenebis- 
(diphenylphosphine) dioxide was filtered off. After recrystallization from alcohol: m.p. 269-270°; yield 0.7 g (11%), 
Found: C 72,3, 72,2; H 5.6, 5.5; P 14.3, 14.3; no Cl. CogHogP202. Calculated: C 72,5; H 5,6; P 14.4%, 


Solvent was removed from the filtrate after the separation of the dioxide; the residue was dissolved in 30 ml 
of absolute alcohol and treated, with cooling with ice water, with an alcoholic solution of potassium hydroxide (1 
mg of KOH in 30 ml of alcohol), The potassium chloride that separated (0.9 g) was filtered off, alcohol was re- 
moved in a vacuum, and the residue was dissolved in benzene and washed with water. On evaporation of the benz- 
ene solution there separated crystals of diphenylvinyl oxide, yield 4.8 g (70%); m.p. 116-117°. Found: C 73,7, 73.7; 
H 5.9, 5.7; P 13,6, 13,7%, CygHysPO. Calculated: C 73,7; H 5.7; P 13.6%, 


When 2-chloroethyl diphenylphosphinite (5.3 g) was heated with stirring at atmospheric pressure in nitrogen at 
a bath temperature of about 130°, there was a sharp rise of temperature (to 230°) and foaming accompanied by the 
distillation of dichloroethane and the liberation of hydrogen chloride, The reaction mixture was heated further for 
30 min at 160°, After treatment analogous to that described above, we obtained 1.3 g (30%) of ethylenebis(diphenyl- 
phosphine) dioxide and 2,1 g (46%) of diphenylvinylphosphine oxide, 


Preparation of diphenylvinylphosphine oxide from vinylphosphonic dichloride and phenylmagnesium bromide, 
Dropwise addition was made of a solution of 14,5 g (0,1 mole) of vinylphosphonic dichloride in 60 ml of ether to a 
stirred and cooled (0°) solution of phenylmagnesium bromide prepared from 5,0 g (0,21 g-atom) of magnesium and 
33,0 g (0,21 mole) of bromobenzene in 150 ml of ether, The reaction mixture was then boiled for 1 hr, cooled, 
and treated with stirring with 80 ml of a 20% solution of ammonium chloride, On the next day the ether layer was 
separated, 50 ml of water and 100 ml of benzene were introduced into the reaction flask, and the mixture was stirred 
with boiling of the benzene for 1 hr, The benzene layer was separated and combined with the ether layer, and the 
whole was dried with sodium sulfate, After removal of solvent in a vacuum and recrystallization from benzene, we 
obtained large well-formed crystals of diphenylvinylphosphine oxide, amounting to 3,5 g (15%); m.p, 116-117", 
Found: C 73,4, 73.4; H 5.6, 5.8; P 13,9, 14.0%, Cy,HysPO. Calculated: C 73,7; H 5.7; P 13,6%, A mixture test 
with the sample of oxide prepared by the previous method showed no depression of melting point. 
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SUMMARY 


Diphenylvinylphosphine oxide [and ethylenebis(diphenylphosphine) dioxide] were synthesized in accordance 
with the scheme: 


—> (CsHs),P(O)CH,CH,Cl — 
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The question of the existence of isomerization reactions of free radicals, as a general property of free radicals, 
was first raised in the papers of Semenov and co-workers [1], Nalbadyan and Fok [2], who studied the photochemical 


oxidation of hydrocarbons, sensitized with mercury in a jet at above 100°, concluded that intermediate isomerization 
of peroxy radicals occurred, e.g., 


a 


CH,—O—O° *CH,—O—OH 


The conclusion that the isomerization of free alkyl radicals occurs in the gas phase even at room temperature 
appears to follow from the experiments of Voevodskii and Mardaleishvili [3] on the exchange reactions of propyl, 
isobutyl-, and cyclohexyl radicals with deuterium, The view that isomerization (8 -isomerization) occurred was 
reached in explanation of the fact that the recombination products were strongly deuterated (up to 50%), Nesmeyanov 
and Freidlina and co-workers [4] discovered isomerization in solutions of peculiar free radicals of the type 


xX 


ye 
CCl; — CCl,—C—CH,Y 


in which X and Y = H and Cl, H, and Br, H and CCl3, CH; and Br, CHg and Cl, Cl and Br, Cl and Cl, Br and Br, 


The question of the ability of free alkyl radicals to isomerize in solution remained open, Moreover, all in- 
vestigation yet undertaken with the object of detecting the isomerization of alkyl radicals in solutions have given 


only negative results, Thus, Kharasch [5], in a study of the decomposition of butyryl and isobutyry! peroxides in 
carbon tetrachloride . 


cch 
(CH;—CH,—CH,—CCO), ——'-» CH;—CH,— CH,==Cl 5 (1) 


cel, 
7 CH—COO >CH—Cl (2) 


CHy CH, 


did not detect even traces of isopropyl chloride in the first reaction or of propyl chloride in the second, The conclu- 
sion of the absence of the isomerization of free radicals in solutions was reached also by de Tar, who studied the de- 
composition of 5-phenylvaleryl peroxide in carbon tetrachloride and benzene [6,7]. The character of all the final 
products isolated by de Tar indicates that the radical CgHs - CH, - CH, — CH, — CH, does not isomerize. However, 
if free alkyl radicals formed, for example, by the decomposition of diacyl peroxides in solution, actually exist as 
kinetically independent particles, they must be capable of isomerization. 


It is known that free alkyl radicals in solution are capable of abstracting hydrogen atoms from solvent mole- 
cules: 


R-H+CE 


| 


There is no reason to suppose that free alkyl radicals in solution are not able to abstract hydrogen atoms from 
themselves with change in valence, if there are suitable steric conditions, The extent of the isomerization of a free 
radical will depend on the relation between the rates of the isomerization and substitution reactions, For the decom- 
position of peroxides in solvents at moderate temperatures we must take account of the possibility of isomerization 
of free radicals to a small extent, which may be detected only with very accurate methods of investigation, 


In view of these considerations, we studied the decomposition of butyryl peroxide,* labeled in the a-position 
with radiocarbon C™, in boiling carbon tetrachloride [8]: 


To establish the position of the c™ atom in the propyl chloride molecule, the latter was hydrolyzed to propyl alco- 
hol, and propionic acid was oxidized to acetic acid* * 


KMnO, 
= 


CH3;—CH,—CH,—Cl CH,;—CH,—CH,—OH 


K,Cr,0, O 
<> CH,-CH.— COOH 
NOH 


The acetic acid was found to be active (about 4% of the activity of the propionic acid), It follows from this fact that 
part of the propyl radicals underwent rearrangement, 


To establish the position of the c™ in the acetic acid molecule, we carried out, on the one hand, fusion of its 
sodium salt with alkali and, on the other, Schmidt cleavage: 


O 
+NaOH — NaeCO3+C!4H, 3 (a) 


CHs — (b) 


We showed that, in the first case, the sodium carbonate formed was inactive, and, in the second case, the whole of 
the activity passed from the acetic acid to the methylamine, 


It is clear from these results that the free propyl radical formed in the thermal decomposition of butyryl pér- 
oxide in solution 


(CH;—CH;—CH,—C00), 2CH;—CH,—CH’,+2CO,, 


undergoes isomerization of the type 


CH3—CH,—CH, =. *CH,—CH,—CH3. 


From the values of the activities of acetic acid and methylamine found in three experiments, it follows that under 
the given conditions isomerization of the propyl radical proceeds to the extent of 4 + 0,5%,*** 


*Butyryl peroxide labeled with c™ at the a-carbon atom was synthesized as follows: CH3 — CH, — cy, — OH 

* *It was shown by special experiments (see Experimental) that propyl-1-c alcohol used as starting material in the 

synthesis of butyryl peroxide labeled with C“ at the a-carbon atom contained C™ only in the 1-position; also, that 

in the synthesis of propyl-1-C™ bromide and butyric-2-C™ acid and in the hydrolysis of propyl chloride and the oxida- 

tion of propionic acid no rearrangement occurs, 

* * * According to Lorber and Cook [9], on oxidation of propionic-2-c"%, 3-C™ acid with potassium dichromate, the 

carbon dioxide formed contains not only C’*, but also some of the C!* and C™ (it appears that the propionic acid is 

in part oxidized to beyond the acetic acid stage), It is clear that these results do not require that any corrections 

should be made in the present work, as we investigated the activity of the acetic acid, not the carbon dioxide, 


In an examination of the probable mechanism of the isomerization of the propyl radical we must, first of all, 
reject the possibility of two-stage migration of a hydrogen atom from the a-position, 


CH;—CH,—CH’, =. CH;—CH— = *CH,—CH,—CH3. 


Evidence against such a mechanism is provided both by steric considerations and by the results of Kharasch's experi- 
ments [5], which did not reveal even traces of isopropyl chloride in the decomposition of butyryl peroxide in carbon 
tetrachloride, Another view that is contrary to the experimental results is that of the intermediate formation of a 
nonclassical radical 


CH, 


CH,— CH, 


which would be a peculiar complex of cyclopropane and a hydrogen atom, In this case, the rupture of each of the 
three C — C bonds (on reaction with CCl,) of the cyclopropane ring is equally probable, so that the distribution of 


c™ should be uniform in the propyl chloride over all the three positions in the propyl group. Actually, c™ is found 
only in the 1- and 3-positions, 


It is most probable that the isomerization proceeds through a four-membered cyclic transition state (A) in one 
stages 


CH, CH, Je 
CH, === CH, === CH, 


He 
(A) 


It is interesting to note that the propyl cation formed by the action of nitrous acid on propylamine perchlorate 
does not undergo skeletal rearrangement, as was considered earlier [10], but is isomerized as a result of the migra- 
tion of a hydrogen atom [11] in a way analogous to that found in the propyl radical, 


In view of our results on the isomerization of the propyl radical in solution, it would be interesting to under- 
stand why de Tar [6,7] did not observe the isomerization of 4-phenylbutyl under conditions that were the same as ours, 


C,H,—CH,—CH,—CH,—CH, * == C,H,—CH,—CH—CH,—CH,» 


If we neglect the possibility that the small amounts formed of the isomerization products of the radical were not iso- 
lated by the author from the reaction mixture, then, as the possible cause of the high tendency of the propyl radical 

as compared to the 4-phenylbutyl radical to undergo isomerization,we must consider the high symmetry of the cyclic 
transition state (A) in the first case, The question needs further investigation, 


EXPERIMENTAL 
Synthesis and Decomposition of Butyryl Peroxide Labeled 


with C!* at the a-Carbon Atom 


Preparation of butyryl-2-c™ chloride (cf. [12]), With cooling with ice water, 42 g (0.48 mole) of butyric-2- 
c™ acid® (total activity 5,2 mc) was added over a period of 1 hr with shaking to 68 g (0.57 mole) of SOCl,, The re- 
action mixture was heated at 80° for 30 min, and the acid chloride was then distilled off. We collected a fraction 
of b.p, 85-105°, On refractionation we collected 41.0 g (81%) of a fraction of b.p, 100-102"; nD 1.41209, The 
literature [16,17] gives: b.p, 100-101,5°, n”D 1,41209, 


Preparation of butyryl peroxide labeled with c™ at the a-carbon atom, Butyryl peroxide labeled with C“ was 


prepared by the reaction of butyryl-2-C™ chloride with sodium peroxide [5]. With stirring for 1 hr, 25 g (0.32 mole) 
of sodium peroxide was added at 0-2° to 40 g (0.37 mole) of butyryl-2-C™ chloride (total activity 1.36 mc) in 200 
ml of dry ether, Excess of the acid chloride was decomposed by careful addition of pieces of ice while the flask was 


*Butyric-2-c™ acid was prepared from propyl-1-C™ bromide and NaCN by a previously described procedure [13]; 
propyl-1-C™ bromide was prepared from propyl-1-C™ alcohol [14,15]. 


cooled with a mixture of ice and salt, The ether layer was separated and dried with fused CaCl), Solvent was vacu- 
um-distilled off at 15-20°, dry carbon tetrachloride (25-30 ml) was added to the residue, and the concentration of 
the peroxide in the CCl, was determined iodometrically [18], The weight of product was 21.8 g (67%), 


Decomposition of butyryl peroxide labeled with C™ at the a-carbon atom (cf. [5]). A solution of 60.5 g (0,35 
mole) of butyryl peroxide labeled with C™ (total activity 1.5 mc) in 100 ml of carbon tetrachloride was added over 


a period of 7 hr to 250 ml of boiling dry carbon tetrachloride, The reaction mixture was boiled until a test for per - 
oxide was negative (10-12 hr). Propyl chloride was distilled from the mixture at 45-47°, Refractionation gave 9,99 g 


(18%) of a fraction of b.p, 46-46.5°; n'®D 1,3866; total activity 290 pc, The literature [19,20] gives: b.p. 46.6°, 
20 
n*’D 1,3880, 


Establishment of the Position of the C!* in the Propyl Chloride 


Hydrolysis of C-labeled propyl chloride with subsequent oxidation of the propyl alcohol to propionic acid, 
A 500-ml autoclave was charged with 10 g (0.13 mole) of C™-jabeled propyl! chloride (total activity 175 c)* and 
180 ml of 10% aqueous potassium carbonate, The reaction mixture was heated with stirring for 18-20 hr at 140°, The 
mixture was cooled with ice water while a solution of 10.5 g (0.07 mole) of potassium permanganate in 200 ml of 
water was added, The mixture was left for 12 hr at 20°, the precipitate of MnO, was filtered off and washed with 
water, and the filtrate was vacuum-evaporated at 35-40° to a volume of about 40 ml and was acidified with 66% 
sulfuric acid, C-labeled propionic acid was extracted with ether, and the extract was dried with anhydrous sodium 
sulfate; solvent was distilled in a water bath; the acid distilled over at 140-141°; it amounted to 2,85 g (30%) and 


had n'®D 1,3890, The literature [21, 22] gives: b.p. 140,9°, n***D 1.3859, The radioactivity of the propionic acid 
is given in the table (Column 1), 


Distribution of Radioactivity in Reaction Products* (impulses/ min » mmole) 


Decomposition 
of butyryl-2-c 


Oxidation 
of propyl- 1-c¥ 
alcohol 


Reaction 


Hydrolysis of | Reaction of 
of propyl-1-c™ 


propyl- 
with 


Radioactivity 
of reaction products 


Butyric acid 
Propionic acid 


89.6 10° 


Acetic acid 0.744 * 10° 0.0 
Methylamine 0.732 10° 
Sodium carbonate 0.0 - 


Degree of rearrangement (%)* * 3.9 0.0 
* The activity of propyl chloride is not given in Columns 1 and 4, that of propyl bromide is not given in Column 5, 
and that of the original propyl-1-C"™ is not given in Column 2, in view of the fact that the activities of these sub- 
stances were determined in the liquid state by another method (method for determining the activities of volatile li- 
quids), For the values of these activities in absolute units, see Experimental, 
of (impulses/ min mmole of CHgCOOH) 100 

impulses/ min» mmoleofCH;CH,COOH 


Oxidation of C-labeled propionic acid (cf, [23]), A mixture of 1 g (0,013 mole) of propionic acid obtained 
in the previous experiment, 12.8 g (0,043 mole) of potassium dichromate, and 120 ml of 18 N sulfuric acid was 
heated at 100° for 3 hr in a stream of nitrogen, Acetic acid was steam-distilled from the reaction mixture together- 
with about 1 liter of water, The solution was made alkaline with 0.1 N NaOH (the amount of acetic acid was de- 
termined simultaneously) and vacuum-evaporated at 40-50° to about 10 ml, The residue was transferred quantitative- 
ly to a measuring flask of such volume that the sodium acetate concentration was about 10 mg/ mil, The radio- 
activity of the acetic acid is given in the table (Column 1), 


Conversion of acetic acid into methylamine by Schmidt's reaction (cf, [10]), A solution of 82 mg (0.001 mole) 
of sodium acetate-C™ in 0,5 ml of dry chloroform was cooled with ice water, and 0,5 ml of concentrated sulfuric 


*6 g of the propyl chloride obtained in the decomposition of butyryl peroxide was diluted with 4 g of reagent propyl 
chloride, 


- 5+ 10° 
18.9 10° 394 10° 0.0 42.1 108 
| 
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acid was added followed at 45-55° by 2 ml of 1.3 N hydrazoic acid in chloroform, The reaction mixture was heated 
at 45-55° for 1-1,5 hr, The solution was cooled with ice and made alkaline with 10% aqueous sodium hydroxide; the 
chloroform layer was separated, From the aqueous fraction methylamine was steam-distilled into 5 ml of 5 N HCl, 
The solution of methylamine hydrochloride was evaporated to dryness in a vacuum, and methylamine hydrochloride 
was purified by repeated addition of water and evaporation, After crystallization from absolute alcohol it amounted 


to 42 mg; m.p. 232-233°, The literature [24] gives m.p, 232-233,5°, The results of activity measurements are given 
in the table (Column 1), 


Fusion of sodium acetate-C™ with sodium hydroxide, Sodium acetate-C (200 mg; 0,0024 mole) was fused 
with 160 mg (0.004 mole) of sodium hydroxide until methane ceased to be liberated, The residue was transferred 


quantitatively to a 25-ml measuring flask, and the radioactivity of the resulting sodium carbonate was then measured, 
The results of the measurements are given in the table (Column 1), 


Two other experiments on the decomposition of the peroxide gave agreeing results, 


To prove that the butyryl peroxide was labeled with = only in the a-position and that in the reactions used 


for the determination of the position of C“ in the propyl chloride molecule no rearrangements occurred, the follow- 
ing experiments were carried out, 


Oxidation of propyl-1-c™ alcohol, With ice-water cooling, to 5 g (0,083 mole) of commercial propyl-1-c# 
alcohol (total activity 1,96 mc) and 5 g (0.047 mole) of anhydrous sodium carbonate in 20 ml of water we added a 
solution of 17,5 g (0.11 mole) of potassium permanganate in 400 ml of water (the temperature of the mixture was 
kept at not above +5°), The further treatment of the mixture was the same as in the first experiment on the estab- 
lishment of the position of C“ in propyl chloride, The weight of propionic-1-C™ acid was 4,05 g (66%); n'5D 1,3910, 


The reaction conditions in the oxidation of propionic-1-c4 acid were the same as in the second experiment 
of the preceding section. The results of radioactivity measurements are given in the table (Column 2), 


Oxidation of butyric-2-C™ acid, This was carried out under the same conditions as in the second experiment 
of the preceding section, The results of radioactivity measurements are given in the table (Column 3), 


Preparation of known propyl-1-c™ chloride, Phosphorus pentachloride (105 g; 0.5 mole) was added in portions 
with ice-water cooling to 30 g (0.5 mole) of propyl-1-C™ alcohol (total activity 1.96 mc), The reaction mixture 
was boiled for 1 hr. Propyl-1-c# chloride was distilled from the mixture at 45-50°, washed with 10 ml of water, 

3 ml of concentrated sulfuric acid, and 5 ml of water, dried, and distilled at 46-47°; weight 8.8 g (23%); nD 1.3880, 


Hydrolysis of known propyl-1-c™ chloride with subsequent oxidation of propyl-1-c alcohol to propionic-1-c 
acid and of the latter to acetic acid, This was carried out as previously (see first and second experiments of the pre- 
ceding section), The results of radioactivity measurements are given in the table (Column 4), From these results it 
will be seen that hydrolysis occurs without rearrangement. 


Reaction of propyl-1-C™ alcohol with phosphorus tribromide, The reaction of propyl-1-c# alcohol with PBr, 
was carried out by the previously described method [14,15]. The hydrolysis of propyl-1-c bromide with subsequent 


oxidation of the propyl-1-c™ alcohol was carried out as in the first and second experiments of the preceding section, 
The results are given in the table (Column 5), 


Measurement of Radioactivity 


Propionic and acetic acids were measured as their sodium salts, methylamine as the hydrochloride, and sodium 
carbonate directly, A weighed amount of the substance (or an accurately measured volume in the case of propionic 
acid) was dissolved in water, For the measurements on acetic acid and sodium carbonate the solutions obtained in 
the reactions were used: 0,1 ml of the solution was applied to a glass slide and dried at 60°, or in a vacuum desic- 
cator (in the case of sodium carbonate), In all cases the amount of dried substance was 1 4 0,05 mg, Radioactivity 
was measured in impulses/ min with an end-window BFL-25 counter under constant geometric conditions, 


The radioactivities of butyric-2-C™ acid and propyl-1-C™ bromide and chloride were measured by the method 
for the determination of the activity of volatile liquids [25]. 


SUMMARY 


1, A study was made of the decomposition of butyryl peroxide labeled in the a-positions with radioactive co 
in boiling carbon tetrachloride, 
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3, A mechanism is proposed for the isomerization examined, 
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2, It was shown that the propyl radical undergoes isomerization as a result of the migration of a hydrogen atoin 
from the 6 -position 


~ 
2. 
3. 
4, 
5. 
) 6. 
8, 
9. 
10, 
11, 
12, 
13, 
14, 
15, 
16, 
. 18, 
19, 
20. 
21, 
22. 
23. 
24, 
25. 
1899 


REARRANGEMENT OF THE PROPYL CATION FORMED BY THE ACTION 
OF NITROUS ACID ON PROPYLAMINE PERCHLORATE 


O. A. Reutov and T. N. Shatkina 


M. V. Lomonosov Moscow State University and 

Academy of Medical Sciences of the USSR 

Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No. 11, pp. 2038-2043, November, 1961 

Original article submitted May 27, 1961 


Roberts and Halmann [1] have described the rearrangement of the propyl cation: 


CH;—CH,—C4H} +CH,—C“H,—CHs; 
in the reaction of C“-labeled propylamine perchlorate with nitrous acid: 
HNO, 
CH;—CH,—C“H,—NH, CH;—C'4H,—CH,—OH. 


This interesting rearrangement has naturally attracted the attention of chemists because it is the simplest case of a 
rearrangement of the pinacolone type. This rearrangement has already found a place in the most recent organic 


chemistry textbooks; on the basis of this rearrangement the concept of the very simple nonclassical cation has origin- 
ated: 


CH, 


CH, ====CH, 


We showed recently [2] that in carbon tetrachloride solution the free propyl radical does not undergo skeletal 
rearrangement, Instead, we observed isomerization with the migration of a hydrogen atom from the 8 -position: 


CH3—CH,—CH’, ‘CH,—CH,—CH3. 


In view of the fairly frequently observed analogy in the behavior of radicals and cations we analyzed the above- 
cited work of Roberts and Halmann [1] and found that their conclusion about the character of the rearrangement of 
the propyl cation was not the only one possible, The authors decided that the C was in the 2-position of the propyl 
alcohol formed (CH; — CH, — CH, — OH) on the basis of the activity of the ethylamine formed by the following re- 
actions: 


KMnO, 


HNO, 
CH;—CH,—CH,—OH ——— 
HN, 
——-— CH;—CH,—COOH ——— CH;—CH,—NH,+CO,. 
active 


The view that the radioactive C“ was attached to nitrogen in the ethylamine molecule was an assumption by the 
authors which was not proved experimentally. If, however, the C“ was actually in the methyl group of the ethyl- 


amine molecule, then the propyl cation did not suffer a rearrangement of the pinacolone type, but was isomerized 
as a result of the migration of a hydrogen anion, * 


*The isomerization of a propyl cation into an isopropyl cation in the reaction of propylamine with nitrous acid was 
established quite a long time ago [3]; among the products of this reaction a considerable amount of isopropyl alco- 
hol was found (yield of propyl alcohol 7%, yield of isopropyl alcohol 32%), 


Contrary to the work of Roberts and Halmann, we found that under the conditions considered, the propyl cation 


actually underwent not skeletal rearrangement but isomerization analogous to the isomerization of the propyl radical 
discovered by us,* namely 


CH,—CH,—C“H} = +CH,—CH,—C¥H;. 


The reaction of propylamine perchlorate with nitre.s acid led to the formation of propyl and isopropyl alcohols: 


HNO. 
HCIO, 


On oxidation of propyl alcohol with potassium permanganate we obtained propionic acid, which was oxidized further 
with potassium dichromate to acetic acid and carbon dioxide: 


KMnO, K,Cr,0, 
CH3—CH,—CH,—OH ——--— CH;—CH,—COOH ——-— CH;—COOH-}COg. 
The acetic acid was subjected to: a) Schmidt cleavage, and b) alkali fission of the sodium salt, In the first case, the 


whole of the activity was transferred from the acetic acid to the methylamine, and in the second it was all transferred 
to the methane: 


HN, 
C4H;—NH, 


CH3;—COOH-- 
NaOH 
CMH,+Na,CO; 


It is therefore clear that the propyl alcohol formed in the reaction of propylamine-1-c# with nitrous acid contained 
radioactive CM only in the 1- and 3-positions, In a similar way we showed that the isopropyl alcohol also contained 
c™ in the 1- and 3-positions of the carbon chain (but not in the 2-position). 


The isomerization that we found in the propyl cation is either a one-stage process of the migration of a hydro- 
gen anion from the 


CH, 
> 
CH,-—CH,—C"H, “H, === *CH,—CH,—C"H, (1) 


8 -position of a two-stage process of the migration of a hydrogen anion from the a-position. 


+ 
CHs—CH,—C#4H} 2 CH;—CH—C4H; (a) 


+ + 
CHs—CH—C4H, CH,—CH,—C4Hs (b) (2) 


The second mechanism is supported both by the fact that isopropyl alcohol is forrned in the reaction, and by the re- 
sults of the study of hydrogen exchange in paraffins (e.g. [5]), On the other hand, the literature [6] describes only 


the formation of isopropyl alcohol (without admixture of propyl alcohol) in the action of nitrous acid on isopropyl- 
amine, * * 


After we had found the rearrangement of the propyl radical [2] and that of the propyl cation, which is con- 
sidered in the present paper, it was natural to check whether an analogous rearrangement is possible for an alkyl 


*In very interesting work with other amines (2-arylethylamines-1-C™) [4], Roberts and co-workers proved quite de- 
finitely that skeletal rearrangements occurred in the reactions with nitrous acid, 


**This work needs verification, Since the formation of propyl alcohol requires the isomerization of the more stable 


isopropyl cation into the less stable propyl cation (CH; ~—* éH- CHs” CH, — CH, — CHs), it is evident that if this 


isomerization does go then it is only to a small extent and only very small amounts of propyl alcohol may be pres- 
ent in the reaction mixture, 
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anion, With this object we studied the carbonation of propylsodium, Propyl-1-c chloride, under the action of so- 
dium, gave propylsodium-1-c%, which on carbonation gave butyric-2-C™ acid exclusively: 


Na co, 
CH,—-CH,—C"H,—Cl. CH,—CH,—C¥H,—Na — 


(toluene) (toluene) 
HIN, 
— CH;—CH,—C™H,—COOH CH,—CH,—C4H,—NH, —~—— 


— CH;—CH,—C"OOH ——-— CH;—COOH--C#O,. 
inactive 


Hence, the propyl anion CH; — CH, — cy, does not undergo rearrangement, at least in the carbonation reaction. 


EXPERIMENTAL 


Synthesis of Propylamine-1-C** Perchlorate 


Preparation of propionitrile-1-c™ (cf, [1]). Diethyl sulfate (43 ml; 0.33 mole) was added dropwise at 35° to 


a solution of 21,6 g (0.33 mole) of KCN (total activity 10 mc) in 35 ml of water and 35 ml of ethylene glycol, The 
mixture was left for 18 hr at 20°, and a fraction of b.p, 85-100° was then distilled off. To the distillate 15 ml of 

18 N H,SO, was added, and the upper layer was separated and dried over fused calcium chloride, We collected a 
fraction at 94-97°; weight 5.4 g (30%); total activity 3 mc, The literature [7] gives: b.p. 97-97.2°, 


Hydrogenation of Propionitrile-1-c“ (cf, [1]). A solution of 4 g (0,07 mole) of propionitrile-1-c™ (total activ- 
ity 1 mc)* in 15 ml of dry ether was added at 0° with stirring to 6 g (0.16 mole) of LiAIH, in 200 ml of dry ether, 
The mixture was stirred for 3 hr, and dropwise addition was then made of 3 ml of water and 2. ml of 20% sodium hy- 
droxide; a further 9 ml of water was then added, From the reaction mixture propylamine-1-c# was distilled into 
7 ml of 70% perchloric acid; the solution was evaporated to dryness at 30-35° in a vacuum; weight 5,15 g (50%), The 
radioactivity is given in Table 1, 


Reaction of Propylamine-1-c*4 Perchlorate with Nitrous Acid (cf. [1]) 


A solution of 4,8 g (0.07 mole) of sodium nitrite in 7 ml of water was added over a period of 1 hr at 25° toa 
solution of 5,13 g (0,05 mole) of propylamine-1-c# perchlorate in 4,5 ml of 35% perchloric acid, The reaction 
mixture was heated further for 1 hr at 25°, After the heating a mixture of 10 ml of propyl alcohol and 10 ml of iso- 
propyl alcohol was added as a carrier, and 28 ml of the mixture was distilled off. The distillate was acidified with 
concentrated hydrochloric acid, redistilled, and then saturated with anhydrous potassium carbonate; the aqueous layer 
was separated, and the alcoholic layer was fractionated, Isopropyl alcohol was collected at 81-83° and propyl alco- 
hol at 97-98,5°, The weight of the isopropyl alcohol was 10,4 g, and that of the propyl alcohol was 4.41 g. The 
literature [8] gives: isopropyl alcohol, b.p. 80,7-81.4°; propyl alcohol, b.p, 97.2-97,25°, 


Establishment of the Position of the C** in Propyl-C** Alcohol 


Oxidation of propyl-c™ alcohol, A solution of 14 g (0.09 mole) of potassium permanganate in 300 ml of water 
was added with ice-water cooling to 4 g (0.066 mole) of the propyl alcohol and 4 g (0.038 mole) of anhydrous sodi- 
um carbonate in 15 ml of water (the temperature of the mixture was kept at not above 5°), The mixture was left 
for 12 hr at 20°, and the precipitate of MnO, was filtered off and washed with water. The filtrate was vacuum-evap- 
orated at 35-40° to a volume of 30-40 ml and acidified with 66% sulfuric acid, The propionic-c“ acid was extracted 
with ether; solvent was driven off on a water bath, and the acid distilled over at 140-141°; weight 2.15 g (43%); n'®p 
1.3894, The radioactivity of propionic-C™ acid is given in Table 1, 


Oxidation of propionic-c™ acid (cf, [10]), A mixture of 1 g (0.013 mole) of propionic-c“ acid, 12,8 g (0.43 
mole) of potassium dichromate, and 120 ml of 18 N H,SO, was heated at 100° for 3 hr in a stream of nitrogen, From 
the reaction mixture acetic acid was steam-distilled off together with about 1 liter of water, The solution was made 
alkaline with 0,1 N NaOH (the amount of acetic acid was determined simultaneously) and vacuum-evaporated at 
40-50° to about 10 ml, The residue was transferred quantitatively to a measuring flask of a volume such that the 
sodium acetate concentration was about 10 mg/ml, The radioactivity of the acetic acid is given in Table 1, 


TABLE 1, Distribution of Radioactivity in Propyl-C™ 
Alcohol Obtained in the Reaction of Propylamine-1-c™ 


with HNO, 


Radioactivity 


Compound (impulses/ min- mmole) 


Propylamine-1-c 295 + 10° 
Propionic acid 10.9 + 10° 
Acetic acid 0.879 + 10° 
Methylamine 0.877 + 10° 
Sodium carbonate 0.0 


Degree of rearrangement (%)* 8.0 + 0.8 


Degree of rearrangement (%) = 


(impulses/ min: mmole of CHsCOOH) 100 
impulses/ min - mmole of CH;CH,COOH 


TABLE 2, Distribution of Radioactivity in Butyric-C™ 
Acid Obtained in the Carbonation of Propylsodium-1-c™ 


Radioactivity 
(impulses/min- mmole) 


95.8 + 10° 
91,7 + 10° 
0.0 


Compound 


Butyric acid 
Propionic acid 
Acetic acid 


Degree of rearrangement (%) 0.0 


Conversion of acetic acid into methylamine by 
Schmidt's reaction (cf. [1]). With ice-water cooling 
0.5 ml of concentrated sulfuric acid was added to 
88.5 mg (0.0001 mole of sodium acetate-C™ in 0,5 
ml of dry chloroform, and then at 45-55°, 2 ml of 
1.3 N hydrazoic acid in chloroform was added, The 
reaction mixture was heated at 45-55° for 1-1.5 hr. 
The solution was cooled with ice and made alkaline 
with 10% aqueous sodium hydroxide; the chloroform 
layer was separated, Methylamine was steam-distilled 
from the aqueous fraction into 5 ml of 5 N HCl, The 
solution of methylamine hydrochloride was vacuum- 
evaporated to dryness; the methylamine hydrochloride 
was purified by repeated addition of water and evapora- 
tion, After recrystallization from absolute alcohol: 
weight 67.7 mg (93%); m,p, 232-233°, The literature 
[11] gives m.p, 232-233,5°, The results of activity 
measurements are given in Table 1, 


Fusion of sodium acetate-C™ with sodium hy- 


droxide, Sodium acetate-C™ (85 mg; 0,001 mole) 
was fused with sodium hydroxide (80 mg; 0,002 mole) 
until methane ceased to be liberated; the residue was 
dissolved in 12 ml of water, and the radioactivity of 
the sodium carbonate obtained was measured, The 
results of the measurements are given in Table 1, 


Carbonation of Propylsodium-1-c! 


Into a three-necked flask we introduced 50 g 
(2,17 g-atom) of sodium, which had been previously 


activated with 4 ml of pentyl alcohol, together with 250 ml of dry toluene; the mixture was heated at 105° (all opera- 
tions were carried out in a nitrogen atmosphere) with vigorous stirring until the metal became highly dispersed (cf, 
[14]). Over a period of one hour at from —3° to +7° we added 50 ml (0,55 mole) of propyl-1-c4 chloride* (total 
activity 2.5 mc) in 50 ml of dry toluene, The reaction mixture was stirred further for 1 hr at 8-19°, and then, at 
from —3° to —13° finely ground solid carbon dioxide was added, The excess of sodium was carefully decomposed 
with water, and the aqueous fraction was washed with ether; water was vacuum-distilled off down to about 50 ml, 
With ice-water cooling, 66% sulfuric acid was added to the residue until it reacted acid to Congo Red, Butyric-C“ 
acid was extracted with ether, the ether extract was dried with anhydrous sodium sulfate, and solvent was driven off. 
The acid distilled over at 163-163,5°; weight 1,55 g (3%); nD 1.3989, The literature [13] gives: b.p. 163,2°, n”D 


1.3978, The radioactivity is given in Table 2, 


Establishment of the Position of the C** in Butyric-C** Acid 


Conversion of butyric-c™ acid into propionic acid (cf, [14]). With ice-water cooling, to 0,88 g (0,01 mole) 
of butyric-C™ acid we added 6 ml of concentrated sulfuric acid and then 1 g (0,015 mole) of sodium azide, The 
mixture was stirred with a magnetic stirrer at 20° for 1 hr, then at 35° for 1 hr, and finally at 60-70° for 30 min, The 
solution was cooled with ice and made alkaline with 20% aqueous sodium hydroxide to a pH of 11-12, The mixture 
was heated for 30 min in a boiling water bath, and propylamine was driven off in a stream of nitrogen into 10 ml 

of 0,2 N H,SO,. The solution of propylamine sulfate was added to 80 ml of 5% potassium permanganate; the mix- 
ture was brought to pH 8 with 20% sodium hydroxide, and then a further 2 ml of 0,5 N NaOH was added, The mix- 
ture was heated for 30 min at 90-100°, it was acidified with sulfuric acid, and propionic acid was steam-distilled 
off. The solution was made alkaline with 0.1076 N NaOH (the amount of propionic-C™ acid was determined simul- 


taneously) and vacuum-evaporated to dryness at 40-50°, The weight of sodium propionate-C™ was 0,50 g (52%), 


*The propyl-1-C™ chloride was prepared from propyl-1-C™ alcohol and phosphorus pentachloride, 
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Oxidation of propionic-C“ acid, This was carried out as described above, The results of the radioactivicy 
measurements are given in Table 2, 


SUMMARY 


1, In the reaction of propylamine-1-C™ with nitrous acid a mixture of propyl-1-C™ and propyl-3-C" alco- 
hols is formed, 


2. The intermediately formed propyl cation does not suffer skeletal rearrangement, but is isomerized as a re- 
sult of the migration of the hydride ion CH; — CH, — c4y,” = "CH, — CH, — CH, 


3, The carbonation of propylsodium-1-c™ was studied, It was shown that, in this reaction, the propyl anion 
is not isomerized, 
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One method of establishing the steric structure of amino alcohols is the method of O > N migration of the acyl 
group [1,2], It is shown in this paper that this method is unsuitable for the determination of the configuration of alco- 
hols of the decahydro-4-quinolinol series because not one of the four isomeric O-esters of decahydro-4-quinolinol 
was found to be capable of isomerization into the corresponding N-acetate under the conditions used earlier for this 
rearrangement. In previous communications [3,4] we described the synthesis of two isomeric hydrochlorides of cis- 
decahydro-4-quinolinol of m.p, 275° (I) and 230° (II), Two other isomeric hydrochlorides of the trans series (V) and 
(VI) were obtained from the corresponding trans- 1-benzoyldecahydro-4-quinolinols of m,p. 139° (III) and 222° (IV) 
[3]. To prevent possible isomerization in alkaline and acid hydrolysis (cf, [5]), the N-benzoyl group in the alcohols 
(III) and (IV) was removed by the action of an ethereal solution of phenyllithium, In this way we obtained the hydro- 
chlorides of trans-decahydro-4-quinolinols of m.p. 199,5-201° (V) and 260,5-261,5° (VI), and the hydrochloride (VI) 
was found to be identical with the sample prepared earlier by a different method [4]. By short boiling of the hydro- 
chlorides (I), (II), and (VI) with a mixture of acetic anhydride and acetyl chloride, high yields were obtained of the 
corresponding hydrochlorides of the O-acetates, m.p, 269-271° (VII), 248-249,5° (VIII), and 255-258° (IX), Under 
these conditions the hydrochloride (V) gave only the N, O-diacetate (X); the hydrochloride of the O-ester [(XI), m.p 
192-193°] was obtained by heating the hydrochloride (V) with a mixture of acetic acid and acetic anhydride, 


H 
N N 
| 
H 


(Vv). (VI) 


H OOCCH, 


(1) H 9OCCH, 
(vi) 
H H 
H OH 
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H OOCCH, 
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COCH, 


- 
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For all the hydrochlorides of O-acetates so obtained we studied the action of alkalis under conditions which 
lead to rearrangement of O-esters into N-acyl derivatives in the case of O-esters of pseudotropine [1,2]. The course 
of the reaction was followed by chromatography on plates carrying alumina [3,11], and the structures of the reaction 
products were confirmed by the preparation of the picrates of the bases of the O-esters, For comparison we synthe- 
sized the N-acetyl derivatives by selective hydrolysis of the O,N-diacetyl derivatives of the decahydro-4-quinolinols, 
e.g. (X). 


All the hydrochlorides of O-esters (VII), (VIII), (IX), and (XI), and also the O-benzoate of cis-decahydro-4- 
quinolinol [4], gave stable O-ester bases; hence, not one of the isomeric O-esters of decahydro-4-quinolinol was found 
to be capable of rearrangement into the amide, For the esters of trans-decahydroquinolinol such migration of acy] is 
impossible because of the rigidity of the trans-union of the bicyclic system, In the case of cis-decahydro-4-quino- 
linols, the close approach of the reacting groups can occur only in the conversion isomer as a double “boat” or “boat- 
chair," However, the stability of the free bases of O-esters of cis-decahydro-4-quinolinols shows that such a conver- 
sion cannot occur, This is indicated also by the stability of the free base of cis-4-chlorodecahydroquinoline (XII) 
(cf, 3-chlorotropane [6]), the hydrochloride of which (XIII) was obtained by the action of phosphorus pentachioride 
on the amino alcohol hydrochloride (I), The N-benzoyl derivative (XIV) was obtained by the benzoylation of the 
hydrochloride (XIII) with benzoyl chloride or by the action of thionyl chloride on cis-1-benzoyldecahydro-4-quino- 
linol of m,p. 104° (XV), The stability of the chloro derivative (XII) to reduction is characteristic: (XII) is not hy- 
drogenated in presence of bases and is not reduced by lithium in liquid ammonia (cf. [7]) or zinc dust in acetic acid, 
On reduction with LiAlHy, the N-benzoate (XIV) gives cis-1-benzyl-4-chlorodecahydroquinoline (XVI) in good yield, 
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By analogy with known examples [8,9] of the replacement of alcoholic hydroxyl by chloride which proceed 
as an Syjy2 substitution, we may suppose that, on reaction with thionyl chloride in presence of amines or amine hydro- 
chlorides, the alcohol (XV) or (I) will behave similarly, i.e,, will react with inversion, If it is considered that the 
alcohols (I) and (XV) react with PCls or SOC1, as conversion forms of type (a) [3], then the chloro derivatives formed 


may have the configurations (XIIla) and (XIVa), which may be subsequently converted into the equatorial isomers 
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(XIIIb) and (XIVb), In this case, the stability of these chloro derivatives to reduction may be explained by the screer- 
ing effect of the axial 8a,8-bond [10]. In the action of thionyl chloride on trans-1-benzoyldecahydro-4-quinolinol 


(IV), instead of the expected chloro derivative we obtained a dehydration product, which was probably 1-benzoyl- 
1,2,3,4,6,7,8,8a-octahydroquinoline (XVII). 


EXPERIMENTAL 


The chromatography was carried out on plates (13 x 18 cm) with unbound alumina (third-grade activity); the 
thickness of the layer was 0,5 mm [3, 11]. 


trans- Decahydro-4-quinolinol Hydrochloride (V). A solution of 1,28 g of trans-1-benzoyldecahydro-4-quino- 
linol (III), m.p. 139°, in 10 ml of tetrahydrofuran was added to a solution of phenyllithium (from 0,28 g of lithium 
and 2,11 ml of bromobenzene) in 12 ml of ether; the reaction mixture was boiled with stirring for 3 hr and decom- 
posed by gradual addition of 3 ml of concentrated HCl in 10 ml of water, The aqueous layer was separated and e- 
vaporated to dryness; the residue was treated with saturated potassium carbonate solution and extracted with boiling 
chloroform; the extract was filtered through alumina and evaporated to dryness, The resulting crystalline product 
(0.74 g) was dissolved in alcohol; to the alcoholic solution of the base we added a 6,7 N solution of HCl in dioxane 
(1 ml), and solvent was removed in a vacuum, When the residue was ground with ethyl acetate containing a little 
methanol, crystallization occurred, The crystals were filtered off, washed with ethyl acetate, and dried in a vacuum, 
We obtained 0,51 g (54%) of trans-decahydro-4-quinolinol hydrochloride (V), m.p. 196-197", raised by crystallization 
from a mixture of 2-methoxyethanol and ethyl acetate to 199,5-201°, Found: C 56.30; H 9.61; N 7.18; Cl 18,33%, 
CgHygNOCl, Calculated: C 56,4; H 9,40; N 7.31; Cl 18.5%, 


trans- Decahydro-4-quinolinol Hydrochloride (VI), Rapid addition of 3,17 g of trans-1-benzoyldecahydro-4- 
quinolinol (IV), m.p, 222°, was made to a solution of phenyllithium prepared from 0,68 g of lithium and 5,17 ml of 
bromobenzene, After 1 min the reaction mixture came to the boil as a result of the heat of reaction, After treat- 
ment as in the preceding experiment, we obtained 2,16 g of the base, from which we prepared the hydrochloride by 
the action of 3 ml of a 4,8 N solution of HCl in dioxane on an alcoholic solution of the base, After recrystallization 
from alcohol and ethyl acetate, we obtained 1,82 g (18%) of trans-decahydro-4-quinolinol (VI), m.p. 260,5-261,5°, 
undepressed by admixture of the sample prepared earlier [4]. From the neutral part of the reaction products, after 
crystallization from benzene-hexane, we obtained 2,1 g (68%) of triphenylmethanol, 


cis- Decahydro-4-quionolinol O-Acetate Hydrochloride (VII), A suspension of 2,92 g of cis-decahydro-4-quin- 
olinol hydrochloride (I), m.p. 275°, in 10 ml of acetyl chloride and 10 ml of acetic anhydride was boiled for 15 min, 
Toward the end of this time the reaction mixture thickened because of the precipitation of crystals (after 5-7 min 
at the boil almost complete homogenization occurred), The crystals were transferred to a filter, washed with 30 ml 
of ethyl acetate, and vacuum-dried, After recrystallization from 2-methoxyethanol — ethyl acetate we obtained 
2.92 g of cis-decahydro-4-quinolinol O-acetate hydrochloride (VII), m.p., 269-271° (decomp.), Found: C 56,54; 
H 8,62; N 6,20; Cl 15.14%, CyyHogNO,Cl. Calculated: C 56,53; H 8,57; N 6.0; Cl 15,20%, 


cis- Decahydro-4-quinolinol O-Acetate Hydrochloride (VIII), A suspension of 0.40 g of cis-decahydro-4- 
quinolinol hydrochloride (II), m.p. 230°, in 1.5 ml of acetyl chloride and 1.5 ml of acetic anhydride was boiled under 
reflux, After 25 min complete dissolution occurred, and the reaction mixture then quickly thickened because of the 
precipitation of crystals, We obtained 0.46 g (94%) of cis-decahydro-4-quinolinol O-acetate hydrochloride (VIII), 
m.p. 248-249,5° (with decomposition in a sealed capillary), Found: C 56,57; H 8.67; N 6,07; Cl 15.39%, 
CyyHegNO,Cl. Calculated: C 56,53; H 8,57; N 6,0; Cl 15.2%, 


trans-Decahydro-4-quinolinol O-Acetate Hydrochloride (IX), A mixture of 1,46 g of trans-decahydro-4- 
quinolinol hydrochloride (VI), m.p. 260,5-261,5°, 5 ml of acetyl chloride, and 5 ml of acetic anhydride was boiled 
for 1 hr 15 min, The conversion of one kind of crystals into another occurred, We obtained 1,43 g (80%) of trans- 
decahydro-4-quinolinol O-acetate hydrochloride (IX), After recrystallization from alcohol — ethyl acetate it had 


m,p. 255-258°, Found: C 56,08; H 8.41; N 6,24; Cl 15.10%, CyyHpNO,Cl, Calculated: C 56,53; H 8.57; N 6.0; 
Cl 15,20%, 


trans- Decahydro-4-quinolinol O-Acetate Hydrochloride (XI), Acetic anhydride (1 ml) was added to a solution 
of 51 mg of trans-decahydro-4-quinolinol hydrochloride (V), m.p, 199,5-201°, in 1 ml of glacial acetic acid, and 
the mixture was heated at 40-50° for 1 hr; a further 2 ml of acetic anhydride was added, and the mixture was left 
overnight at 20°. On the next day heating was continued further for 2 hr at 50-55°, After this time chromatography 
of the reaction mixture showed the formation of appreciable amounts of the diacetate (X) (R f in 1:1 benzene- 
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acetone = 0,72), Excess of reagent and solvent was vacuum-distilled off in a rotary evaporator (20 min at 40°); the 
residual acetic anhydride was distilled off with chlorobenzene, and the oily reaction product was rubbed out with 1 
ml of ethyl acetate and 1 ml of hexane, The suspension was centrifuged; the solution was decanted from the oily 
residue and washed with a mixture of 1 ml of ethyl acetate and 1 ml of hexane, When this solution was allowed to 
stand, crystals of trans-decahydro-4-quinolinol O-acetate hydrochloride (XI), m.p, 192- 193°, separated, Found: 

C 56,26; H 8.84; Cl 14.81%, CyyHagNO,Cl, Calculated: C 56,53; H 8,57; Cl 15,20% 


In another experiment, 0,09 g of the hydrochloride (V) was heated with 1,5 ml of acetic anhydride for 40 min 
at 55-57° and then, after the addition of 1 ml of acetic acid and 2.5 ml of acetic anhydride, for 2 ‘+r further at 55 to 
60°, We obtained 0.10 g (90%) of the O-acetate hydrochloride (XI). 


Action of Alkalis on the Hydrochlorides of Isomeric cis- Decahydro-4-quinolinol O-Acetates, a) Potassium 
carbonate (2 g) was added to 0.86 g of the O-ester hydrochloride (VII), m.p. 269-271", in 10 ml of water; the mix- 
ture was stirred for 10 min and heated on a steam bath for 10 min, and the base was extracted with chloroform, 
Chromatographic analysis of this extract on alumina with 3:1 acetone-methanol showed the presence of only the O- 
ester (Rf = 0,53), The extract was vacuum-evaporated; the residue (0,64 g) crystallized completely; m.p. 85,5-86,5". 
With alcoholic picric acid this base gave a picrate, m.p, 244-245", 


b) The O-ester hydrochloride (VIII) (0.15 g), m.p. 248-249,5°, was treated as in the preceding experiment, 
Chromatographic analysis of the chloroform extract showed the presence of small amounts of the hydrolysis product 
(Rf 0,21) and the original base (Rf 0.29). 


The Rf of the N-acetyl derivative is 0.90 (see below). On evaporation of the extract, the residue (0.06 g) 
crystallized completely. The picrate obtained from this base had m,p, 147-149° (from aqueous alcohol), 


c) The O-ester hydrochloride (IX) (0.39 g), m.p, 255-258", was treated as stated above, Chromatography of 
the chloroform extract showed the presence of only one spot (Rf 0.25), corresponding to the base of the original ester, 
The Rf of the N-acetyl derivative is 0,89 (see below), From the residue remaining after the evaporation of the 
chloroform extract we obtained a picrate in 80% yield; m,p. 201-204° (from alcohol), 


d) To 1,4 mg of the O-ester hydrochloride (XI), m.p, 192-193°, we added 0.06 ml of 0.1 N NaOH, and the 
reaction mixture was heated at 100° for 10 min, Benzene was added, and the aqueous layer was saturated with po- 
tassium carbonate, Chromatography of the benzene extract gave only two spots corresponding to the hydrolysis prod- 
uct (Rf 0,08, average intensity) and the base of the original O-ester (Rf 0,19, very intense), The Rf of the N-acetyl 
derivative (see below) in the same system is 0.90, 


Action of Alkalis on cis- Decahydro-4-quinolinol O-Benzoate Hydrochloride [4]. Potassium carbonate (2 g) was 
added to a suspension of 1,08 g of cis-decahydro-4-quinolinol O-benzoate hydrochloride, m,p, 275-277, in 20 ml 
of water, and the reaction mixture was heated on a steam bath for 2 hr, The base was extracted with benzene and 
converted into the picrate, We obtained 1.55 g (87%) of the picrate of cis-decahydro-4-quinolinol O-benzoate, 


m.p. 217,5-218.5° (from alcohol), Found: C 53,86; H 4.97; N 12.04%, Co 9Ha,N,O3. Calculated: C 54,10; H 4,92; 
N 11.47%, 


cis- Decahydro-4-quinolinol N,O-Diacetate and N-Acetate, a) A mixture of 0,09 g of decahydro-4-quinolinol 
hydrochloride (II), m,p. 230°, 0,04 g of fused sodium acetate, and 3 ml of acetic anhydride was boiled for 2 hr (in- 
ternal temperature 137°), After this time, chromatographic analysis showed complete conversion of (II) into the 
N,O-diacetate (Rf 0,69 in 1:1 benzene-acetone), The excess of reagent was removed in a vacuum; traces of acetic 
anhydride were distilled off with chlorobenzene, and the dry residue was boiled with 2,5 ml of absolute methanol 
containing 0,1 g of KOH for 90 min (after 1 hr hydrolysis was practically complete), The reaction mixture was acid- 
ified with 0,2 ml of acetic acid and evaporated to dryness; water (about 1 ml) was added to the residue, and the re- 
action product was extracted with chloroform, After evaporation of the chloroform we obtained cis-1-acetyldeca- 
hydro-4-quinolinol as an oil having Rf 0,13 in 1:1 benzene-acetone, 


b) To 0,62 g of base obtained from trans-decahydro-4-quinolinol hydrochloride (VI), m.p. 260,5-261.5°, in 
3 ml of methanol we added 0,6 ml of acetic anhydride; the mixture was left for 15 min and then heated at the boil 
(5 min), Chromatographic analysis showed the presence of three components in the mixture (the starting compound 
and its N-mono- and N,O-di-acetates), Solvent was vacuum-evaporated off, and the residue was heated with 3 ml 
of pyridine and 3 ml of acetic anhydride for 3 hr. Solvent was distilled off, and the residue, which consisted of the 
diacetate (Rf 0.59 in 1:1 benzene-acetone), was selectively hydrolyzed as in the preceding experiment (0.65 g of 
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KOH in 15 ml of methanol), We obtained oily trans-1-acetyldecahydro-4-quinolinol (Rf 0,43 in 1:1 benzene-ace- 
tone), 


cis-4-Chlorodecahydroquinoline Hydrochloride (XIII), We added 3,2 g of phosphorus pentachloride in one por- 
tion to a stirred suspension of 2.66 g of cis-decahydro-4-quinolinol (I), m.p. 275°, Rise in temperature with libera- 
tion of hydrogen chloride occurred, The mixture was boiled until HCl ceased to be evolved (about 15 min), and 
solvent was removed in a vacuum, The residue of phosphoryl chloride was distilled off with dioxane, the dry crystal- 
line residue was dissolved in 15 ml of 96% alcohol, and 20 ml of ethyl acetate was added gradually to the solution. 
The hydrochloride (XIII) (1.8 g) crystallized out; m,p, 228-228.5°, Found: C 51,80; H 8.28; N 6,66; Cl 33.97%, 
CgHyzNCly. Calculated: C 51.50; H 8,09; N 6.67; Cl 33,80%, From the mother liquors we obtained a further 0,45 g 
(in all 76%) of the same hydrochloride (XIII). 


cis~1-Benzoyl-4-chlorodecahydroquinoline (XIV). a) With ice cooling 7.2 ml of thionyl chloride was added 
to 5,18 g of cis-1-benzoyldecahydro-4-quinolinol (XV), m.p, 104°, in 25 ml of dry chloroform, The reaction mix- 
ture was then boiled for 2 hr, solvent was vacuum-distilled off, and the residue was dissolved in benzene; hexane was 
added to the solution until a turbidity was produced, On standing, 3,05 g of cis-1-benzoyl-4-chlorodecahydroquino- 
line (XIV) crystallized out; after recrystallization from benzene-hexane it had m,p, 110,5-111°, Found: N 5,20; 
Cl 13.02%, Calculated: N 5,05; Cl 12.80%, 


b) Benzoyl chloride (1,3 ml) was added to a suspension of 2,1 g of cis-4-chlorodecahydroquinoline (XIII) in 
20 ml of pyridine, and the reaction mixture was heated rapidly to 90°, when complete dissolution occurred, To the 
cooled reaction mixture we added 1 ml of water, and part of the pyridine was driven off in a rotary evaporator with 
heating to 40°; 20 ml of water was added to the residue, and the mixture was extracted with benzene, The benzene 
solution was vacuum-evaporated, and the residue was dissolved in 5 ml of benzene, To this solution we added warm 
hexane (20 ml), and crystallization set in, The crystals were filtered off, washed with hexane, and vacuum-dried, 
We obtained 2,28 g (82%) of cis- 1-benzoyl-4-chlorodecahydroquinoline (XIV), m.p. 110,5-111°, undepressed by ad- 
mixture of the sample obtained in the preceding experiment, 


cis- 1-Benzyl-4-chlorodecahydroquinoline (XVI), cis-1-Benzoyl-4-chlorodecahydroquinoline (XIV) (1 g) was 
added to a mixture of 6 ml of a 1 M ethereal solution of LiAlHy and 15 ml of tetrahydrofuran; ether was distilled off, 
and the reaction mixture was boiled with stirring for 3 hr, The excess of reagent was decomposed with 3 ml of ethyl 
acetate and then with a solution of 3 g of NaOH in 7 ml of water, The organic layer was separated, the aqueous 
layer was extracted with ether, and the total extract was filtered through alumina (about 2 ml) and vacuum-evaporat- 
ed, The residue crystallized completely (0,9 g, m.p, about 78°), After recrystallization from hexane we obtained 
0.56 g of cis-1-benzyl-4-chlorodecahydroquinoline (XVI), m.p. 82.5-83°, Found: C 73,09; H 8.46; N 5,55; Cl 
13.23%, CygHo2NCl. Calculated: C 72,80; H 8,36; N 5,32; Cl 13,50%, 


Attempt to Reduce (XIII) and (XIV), a) Lithium (0,14 g) was added gradually to a solution of 0,42 g of cis-4- 
chlorodecahydroquinoline hydrochloride (XIII) in 70 ml of liquid ammonia, After 15 min the solution turned blue, 
The mixture was stirred for 1 hr, ammonium chloride was added, and the ammonia was evaporated, Water (10 ml) 
and ether were added to the residue; the aqueous layer was saturated with NaOH, and the ether layer was separated 


and evaporated, We obtained 0,32 g of the base of the original amine, whose picrate had m,p, 197-199°, undepressed 
by admixture of a known sample, 


b) A mixture of 1,32 g of the hydrochloride (XIII), 3 g of zinc dust, 1,72 g of sodium acetate, and 20 ml of 


acetic acid was boiled with stirring for three hours, After the usual treatment we obtained 0,78 g (71%) of the base 
of the starting compound, 


c) The hydrochloride (XIII) of the amide (XIV) were unchanged when shaken in methanol solution in a hydro- 
gen atmosphere with PtO, and Pd/C in presence of sodium acetate, 


1-Benzoyl-1,2,3,5,6,7,8,8a-octahydroquinoline, With ice cooling, 1.5 ml of thionyl chloride was added to 
0.78 g of trans-1-benzoyldecahydro-4-quinolinol (IV), m.p. 222°, in 4 ml of chloroform, The reaction mixture was 
then boiled for 2 hr, and the excess of reagent and solvent was vacuum-distilled off. The residue was dissolved in 
hot benzene, and the solvent was filtered through alumina (about 1 ml) and evaporated, The oily residue was dis- 
solved in hexane, and on standing there crystallized 0,46 g of 1-benzoyl-1,2,3,5,6,7,8,8a-octahydroquinoline, m.p. 
771-78,5°, An analytical sample was crystallized from hexane and had m,p, 78-79°, Found: C 79,10; H 7.82; N 
5.99%, CygHygON. Calculated: C 79,60; H 7.88; N 5.81%, 


; 


SUMMARY 


The O-acetates of the four isomers of decahydro-4-quinolinol were synthesized, and on the basis of the inabil- 


ity of these to undergo rearrangement into the corresponding N-acetates it was suggested that the method of O > N 
acyl migration is inapplicable in the series of decahydro-4-quinolinol derivatives, 
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other 2-acylcycloalkanones, 


Reaction of 2-Acylcycloalkanones with Hydrogen Peroxide 


Original 2-acylcycloalkanone 


M. Pp.» B.p. in “C 


2-Formylcycloheptanone + 31-33 (0,035) | 1.5110 
(18°) 
2-Acetylcyclohexanone = 110-115 (20) | 1.5075 
(18°) 
2-Propionylcyciohexanone = 110-116 (12) | 1.5035 
(20°) 

2-Benzoylcyclohexanone 90-93 
2-Formyl1-3,4-dihydro- 78-80 (0,05) | 1.6350 
1(2H)-naphthalenone (18°) 
2-Acetylcyclopentanone + 13-15 (8) 1,4755 
(18°) 
2-(Methoxycarbonyl)- + 84-86 (3) 1,4560 
cyclopentanone (20°) 


2-Carboxycyclohexanone 718-80 


much as the latter gives only adipic acid with hydrogen peroxide, 


dioxide, and pyridine in t-butyl alcohol [2]. 


COMMUNICATION 11, REACTION OF 2-ACYLCYCLOALKANONES WITH HYDROGEN PEROXIDE 


[3] 


[4] 


[4] 
[5] 
[6] 
[7] 
[8] 


[9] 


N. D. Zelinskii Institute of Organic Chemistry, Academy of Sciences of the USSR 
Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 


Reaction products 


Cyclohexanecarboxylic and 
suberic acids 
Cyclopentanecarboxylic acid 
and 2-methylpimelic acid 
(m.p. 29-50° [9]) 
Cyclopentanecarboxylic and 
adipic acids 
Cyclopentanecarboxylic and 
benzoic acids 
3-(0-Carboxypheny1)propionic 
acid [10], m.p. 164-166° 
Glutaric acid 


Glutaric acid 


Adipic acid 


In a previous paper [1] we showed that on treatment of 2-formylcyclohexanone [2-oxocyclohexanecarboxalde- 
hyde] and its methyl derivatives with hydrogen peroxide in an aqueous medium there is formed a mixture of cyclo- 
pentanecarboxylic and pimelic acids, It was of interest to determine the nature of this reaction and to extend it to 


85 


The reaction of 2-formylcyclohexanone with hydrogen peroxide is not a simple oxidation, since permanganate 
and chromium trioxide bring about the oxidative cleavage of this 8 -diketone to adipic acid, Also, the conversion 
of 2-formylcyclohexanone into pimelic acid does not proceed through the stage of 2-carboxycyclohexanone,inas- 


The ring contraction observed in the reaction of 2-acylcycloalkanones with hydrogen peroxide, and also the 
formation of 2-methylpimelic acid from 2-acetylcyclohexanone, permits us to assume that such transformations be- 
long to the type of oxidative rearrangements, It is quite probable that these reactions have the same character as 
the rearrangement of acetone into propionic acid, which occurs under the action of hydrogen peroxide, selenium 


Study of the reaction of hydrogen peroxide with different 2-acylcycloalkanones (see table) showed that its 
course greatly depends on the structural peculiarities of the 8-diketones, 2-Formylcycloheptanone and 2-acetyl- 
cyclohexanone behave like 2-formylcyclohexanone, Propionyl and benzoyl derivatives of cyclohexanone undergo 
ring contraction without formation of pimelic acids, but 2-formyl-3,4-dihydro-1 (2H)-naphthalenone, 2-acetyl- 
cyclopentanone, and 2-(methoxycarbonyl)cyclopentanone undergo simple oxidative cleavage to the corresponding 
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33 
18 
20 
59 
4 
30 
60 
80 
58 
14 


dicarboxylic acids, Rearrangement most readily occurs in the case of 2-fortmylcyclohexanone, 2-formylcyclohept- 
anone, and 2-formyl-2,6-dimethylcyclohexanone, which react vigorously with hydrogen peroxide both in presence 
and in absence of alkali, The remaining 2-acylcycloalkanones, in which the carbonyl groups have a less-marked 
ketonic character, react with hydrogen peroxide only in an alkaline medium and reaction sometimes proceeds as 
simple oxidative cleavage (see last four examples in the table), 


In the reaction of hydrogen peroxide with the nonenolizing 2-formyl-2,6-dimethylcyclohexanone there is 
formed a mixture of 1,2-dimethylcyclopentanecarboxylic acid and a dicarboxylic acid CgHy,(COOH), of unestablished 
structure, For the purpose of identification 1,2-dimethylcyclopentanecarboxylic acid was prepared as follows: 


coon cocl COCHN, 
CH,N, 
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OH COOCH; 
H, COCH,Cl 


Under the action of hydrogen peroxide under the usual conditions the isopropyl ether of the enol form of 2-formyl- 
cyclohexanone undergoes simple oxidative cleavage to adipic acid (yield 70%), On the basis of these experiments 
it may be supposed that 2-acylcycloalkanones enter the oxidative rearrangement as the diketo forms, probably 
through the stage of unstable peroxy compounds ; 


COOH oH 


C—OOH 


OOH COOH 


(+) COOH 
(+CH,COOH) CH, 


In accordance with well-known views on the mechanism of the decomposition of hydroperoxides of monoke- 
tones [11], the decomposition of diperoxy compounds of 2-acylcycloalkanones may be represented as a process in- 
cluding the heterolytic rupture of bonds and the rearrangement of cations, 


EXPERIMENTAL 


Reaction of 2-Acylcycloalkanones with Hydrogen Peroxide, The reaction was carried out by the previously 
described method with the use of 3 M NaOH or KOH. The oxidation of 2-(methoxycarbonyl)cyclopentanone was 
carried out under more severe conditions (6 M alkali, 100°, 90 min), In the case of 2-formyl-3,4-dihydro-1 (2H)- 


naphthalenone a higher yield of reaction product was obtained when caustic alkali was replaced by an equivalent 
amount of sodium carbonate, 


Reaction of 2-Formyl-2,6-dimethylcyclohexanone with Hydrogen Peroxide, To 2 g of 2-formyl-2,6-dimethyl- 
cyclohexanone [b.p. 56-59°] [12] in 5 ml of water we added 11 ml of 28% hydrogen peroxide, At the end of the 


exothermic reaction the oil formed was extracted with ether and vacuum-fractionated, We obtained 1 g (50% of 
1,2-dimethylcyclopentanecarboxylic acid; b.p. 83-85° (2 mm), n'®D 1,4485, Found: C 67.02, 67.17; H 9,91, 9.72% 


CgHyO,. Calculated: C 67.57; H 9.93%, The amide had m.p, 88-89° (from heptane), Found: C 67,93, 67.68; H 
10,55, 10,65; N 9.83, 9.64%, CgHysON, Calculated: C 68,04; H 10,70; N 9.92%, 


We isolated also 0.7 g (29%) of a dicarboxylic acid of unestablished structure, b.p, 173-175° (2 mm) and m.p. 


42-43°, Found: C 54,83, 54,77; H 7,75, 7.74. CgHyOg. Calculated: C 55,16; H 8.10%, The titration equivalent 
found was 93,8, 94; the calculated value was 94, 


Reaction of 2-(Isopropoxymethylene)cyclohexanone with Hydrogen Peroxide, With stirring, 15 ml of 28% hy- 
drogen peroxide was added to 3 g of 2-(isopropoxymethylene)cyclohexanone [b,p, 78-80° (1 mm), nD 1.4942) [13] 


and 3,8 g of sodium carbonate in 20 ml of water, The mixture was left for 1 hr at room temperature, and ether then 
extracted 1,8 g (70%) of adipic acid, 


Oxidation of 2-Formylcyclohexanone with Potassium Permanganate, A 2% solution of potassium permanganate 
was added in portions with stirring to a mixture of 3 g of 2-formylcyclohexanone and 3 g of sodium carbonate in 20 
ml of water until a stable (lasting about 5 min) red coloration appeared, The excess of permanganate was destroyed 


by the addition of sodium bisulfite, After filtration the solution was evaporated to dryness, From the residue acetone 
extracted 2,7 g (77%) of adipic acid, 


Oxidation of 2-Formylcyclohexanone with Chromium Trioxide, A solution of 20 g of chromium trioxide in 
100 ml of 70% acetic acid was added to 3 g of 2-formylcyclohexanone in 20 ml of acetic acid, and the reaction 
mixture was left for 12 hr at room temperature, The excess of chromium trioxide was destroyed by the addition of 
methanol, and the solution was evaporated to dryness, From the residue acetone extracted 1,1 g (31%) of adipic acid, 


Preparation of Chloromethyl 2-Methylcyclopentyl Ketone, Chloromethyl 2-methylcyclopentyl ketone was 
prepared by the action of diazomethane on 2-methylcyclopentanecarbonyl chloride (b,p. 171-172°) [14] by Mousseron's 
method [15], as described for chloromethyl cyclohexyl ketone; yield 60%; b.p. 85-86° (15 mm), n'®p 1.4715, Found: 
C 59,41, 59.42; H 8,07, 7.90; Cl 22,19, 22.21%, CgHygClO, Calculated: C 59,81; H 8,09; Cl 22.12%, 


Conversion of Chloromethyl 2-Methylcyclopentyl Ketone into 1,2-Dimethylcyclopentanecarboxylic Acid, On 
treatment of chloromethyl 2-methylcyclopentyl ketone with methanolic sodium methoxide by Mousseron's method 
[15], we obtained 1,2-dimethylcyclopentanecarboxylic acid in 25% yield; b.p. 83-85° (2 mm); n’®D 1,4495, The 
amide had m,p, 83-84° (from heptane), This amide gave no depression of melting point in admixture with the amide 


of 1,2-dimethylcyclopentanecarboxylic acid isolated in the reaction of 2-formyl-2,6-dimethylcyclohexanone with 
hydrogen peroxide, 


SUMMARY 


Depending on the structure of the 8 -diketone, reaction of a 2-acylcycloalkanone with hydrogen peroxide may 


proceed with oxidative cleavage or with oxidative rearrangement accompanied by ring contraction and formation of 
dicarboxylic acids, 
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Insufficient study has been devoted to the behavior of alkylphenols under dehydrocyclization conditions, Hansch 
[1] and Corson [2] found that, when passed as vapor over Pt- C, Pd- C, Cr— C, and Cr — Cu — C, o-alkylphenols are 
converted into alkylbenzofurans; the latter are obtained in fairly good yields when chromic oxide on alumina is used 
as catalyst and the alkylphenols are diluted with water [2]. In view of this it was considered to be of interest to study 
the behavior of butylphenols under dehydrocyclization conditions, 


In the present work we investigated the transformations of o- and p-butylphenols, 6-butyl-m-cresol, and 4- 
butyl-o-cresol in presence of platinized charcoal, chromic oxide on alumina, and also on magnesia, and chromic 
and potassium oxides on alumina at temperatures in the range 350-550°, Rise in temperature, and also reduction in 


space velocity, lowered the yields of catalyzates as a result of partial cracking of the side group, resinification, and 
carbon formation on the catalyst. 


Investigation of the phenolic part of the catalyzates showed that, in all experiments, it contained, in addition 
to unchanged butylphenol, products of the cracking of the butyl group of the original phenol. Maximum cracking 
was observed when catalysts containing alumina were used, From the neutral part of the catalyzate obtained in the 
investigation of o-butylphenol over a Cr,O3 — MgO catalyst at 520° we isolated only ethylbenzofuran (yield about 2%) 
and a mixture of benzofuran and methylbenzofuran (yield 2.5%), the presence of which was confirmed spectroscopic- 
ally. From the acidic part of the products of the transformation of p-butylphenol under the same conditions, apart 
from cracking products, we isolated 2% of 2-naphthol: 


HO. ALA 


* 


From the neutral part of the catalyzates we isolated a mixture of benzofurans in very low yield, The formation of 


these under these conditions may be explained only on the assumption of the partial isomerization of p- into o-butyl- 
phenol with subsequent cyclization: 


H,C,7 CyHy 


In the investigation of the transformations of 6-butyl-m-cresol over CrzgO;— MgO at 550° we observed the formation 
of 6-methylbenzofuran: 


Nou — Nou H,;c7 \o4 


TABLE 1, 


Bp. in °C 
(p in mm) 


M., p. of 
phenoxy derivative 


(°C) 


Substance 


o-Butyry|phenol 
p-Butyrylphenol 
6-Butyryl-m-cresol 
4-Butyryl-o-cresol 


128-130 (18) 


1,5400 


1,5406 


1,0681 


1.0501 


90-91 
15-17 
131-132 


136-138 (8) 


(m.p. of oxime, 74°) 
188-190 (9) 


o-Butylphenol 110-122 (17) 1.5212 | 0.9743 104- 105.6 
p-Butylphenol 132-135 (15) 1,5170 | 0.9717 179,7-80,7 
6-Butyl-m-cresol 115-116 (5) 1.5185 | 0.9645 83,5-84,0 


4-Butyl-o-cresol 118-120 (5) > 


It was of interest to find that over platinized charcoal at 350-400°, 6-butyl-m-cresol gave 2-ethyl-2,3-dihydro-6- 
methylbenzofuran: 


~.| 


\CH,CH,CH,CHs \CH,CH =CH—CH; +! 


Investigation of the transformations of 4-butyl-o-cresol over a chromia-magnesia catalyst at 480-550° showed that 
the phenolic part of the catalyzate contained only about 1% of 1-methyl-2-naphthol, 


CH, 
PS 


Hence, under our conditions, butylphenols mainly undergo cracking of the butyl group, In addition, cyclization oc- 


curs, mainly at the oxygen with formation of substituted benzofurans; but to a small extent dehydrocyclization oc- 
curs with formation of the corresponding naphthols, 


EXPERIMENTAL 


All the butylphenols were synthesized by reducing the corresponding butyrylphenols prepared by the acylation 
of the phenols with butyryl chloride, The reduction was carried out by the Clemmensen method [3] with amalgamated 


zinc in hydrochloric acid, Table 1 gives the properties of the ketones and butylphenols obtained, The butylphenols 
were characterized as phenoxy derivatives, 


The chromic oxide (20%) on magnesia catalyst was prepared by two methods: a) impregnation of magnesium 
oxide with chromium nitrate solution with subsequent thermal decomposition of the latter; b) precipitation of the 
hydroxides from a mixed solution of the nitrates with ammonia, By the second method we prepared also the chromic 


oxide on alumina catalyst, The alumina — chromia — potassia catalyst was prepared by the impregnation of alumi- 
num oxide with solutions of chromic acid and potassium carbonate [4]. 


Platinized charcoal (10% Pt) was prepared by the impregnation of activated birch charcoal with a solution of 
chloroplatinic acid with subsequent reductive decomposition of the latter in a stream of hydrogen with gradual rise 
in temperature to 350°, All experiments were carried out in a flow apparatus with automatic feed of the phenols, 
To separate the phenolic part from the catalyzates, these were treated with 10% sodium hydroxide solution, After 
isolation by acidification and drying, the phenolic and neutral parts of the catalyzates were fractionated under 


— 


TABLE 2, Results of Experiments on the Catalytic Transformations of p-Butylphenol 


Comp. of catalyzat 
( of catalyzate) 
Catalyst 


p-butylphenol 


Experiment 

Amount of 

passed (g) 

velocity (hr 

(% on butyl- 

phenol passed 
esinous residue 
% on 


Yield of 
catalyzate 


part 
atalyzate) 


Space 
naphthol 


Cr2Oz MgO 
Cr,0; — MgO 
Cr,03 — MgO 
V20s, Cr,Os, MgO 
Pt—C 


Cr,03— 


etn 


Os 


RESINS 
w 


~ 


TABLE 3, Results of the Catalytic Transformations of 6-Butyl-m-cresol 


eno 


mp. of catalyzat 


( 


1-m- 
passed 


Catalyst 


lyzate 


Experiment 
Amount of 
cata 
on al 


6-but 
creso 


( 
velocity (hr~*) 


Yield of 
and losses 


) 
Space 
phenolic 

part 
neutral 

part 
Resinous residu 
original 
alkylphenol) 


Cr20; — MgO * 
Cr,03 — MgO 
Cr,03 Al,O3 
Cr,O3 Al,O3 
Cr,0, — MgO 

K,O, Al,O- 
Pt—C 


00 


Pt-.C 
Pt—C 


*Prepared by the impregnation method, 


reduced pressure, 2-Butylphenol was passed in 25-ml portions through a layer of fresh chromia-magnesia catalyst 

at 520° in a feeble stream of nitrogen with a space velocity of 0,17 hr“, The yield of catalyzate was 82%, Apart 
from nitrogen, the gas collected contained 30% of olefins, 32% of hydrogen, and 7% of saturated hydrocarbons, The 
liquid catalyzate consisted of 67% of phenolic part and 33% of neutral part. From the phenolic part we isolated 
phenol, o-cresol, and unchanged o-butylphenol, From the neutral part of the catalyzate we isolated three fractions: 


Fraction I: b.p, 78-92° (20 mm), nD 1,5552; Amax 242 mu; log € 3,993 Amax 275 mu; log € 3,293\ nax 
282 mp; log € 3,26, Yield 1.2% on the catalyzate, For benzofuran the literature [5] gives: b.p. 67.5° (20 mm), 
n*5D 1.5635; Amax 244 mu; log € 4,03; Amax 274 mu; log€ 3,39; Amax 281 my; loge 3,42, 


Fraction II: b.p, 92-101,3° (20 mm), n™D 1,5489; d, 1,0259; 245 mu; log 3,97; max 275 my; 
log € 3,36;% max 282 mu; log € 3,35, Yield 1.1% on the catalyzate, For methylbenzofuran the literature [6] 
gives: b.p, 192° (744 mm), n™D 1,5460; d”, 1.0424; A pax 246 my; log € 4,09; 4 max 276 my; log € 3,51; 
A max 383 mp; log € 3,51, 


Fraction III: b.p, 101,3-103,8° (20 mm), 1.5518; d, 1.0218, Yield 1.8% on the catalyzate, For ethyl- 
benzofuran the literature [6] gives: b.p. 99-100° (19 mm), 1.0196; nD 1.5522, 


Table 2 gives the results of experiments on the investigation of the transformations of p-butylphenol in pres- 
ence of various catalysts, The phenolic part of the catalyzates consisted of a mixture of substituted phenols, in 
which we succeeded in identifying by the melting points of their phenoxy [presumably O-phenyl is meant — 
Publisher] derivatives: phenol, p-cresol, p-ethylphenol, and unchanged p-butylphenol, The neutral parts of the 


1916 


1 39,4 500 
2 24,5 510 
3 18.8 550 
4 21,8 500 
5 23.9 400 
6 73,6 475 
) 
7 50 410 13 
43 450 16 
9 45 460 20 
: 10 50 475 14 
. 41 50 520 22,2 
42 100 550 38 
43 70 550 50 
‘4 28 350 7 7 
5 400 8, 
16 25 || 400 | 12,0 


catalyzates consisted of mixtures of alkylbenzofurans, which were identified by their ultraviolet absorption spectra, 


Also, in the neutral part of the catalyzate from Expt. 6 we succeeded in identifying naphthalene from the melting 
point of the picrate (148-149°), 


Table 3 gives the results of experiments on the transformations of 6-butyl-m-cresol in presence of various 

catalysts, From the melting points of their phenoxy derivatives we identified the following in the phenolic part of 

the catalyzate: phenol, m-cresol, 2,5-xylenol, and unchanged 6-butyl-m-cresol, In the neutral parts of the cata- 
lyzates, from Experiments 9, 10, 11, and 13, we succeeded in identifying 2-methylnaphthalene by the melting point 
of its picrate (115-116°), In Expt, 13 the amount of 2-methylnaphthalene was about 1%, Also, from the neutral part 
of the catalyzate from Expt. 12 we isolated 6.4% of 6-methylbenzofuran with the following properties: b.p, 82-85° 

(12 mm), n*°D 1,5490 and d”, 1.0440; m.p. of picrate 64-65,5°, For the picrate of 6-methylbenzofuran the litera- 
ture [7] gives m.p, 67°. From the neutral parts of the catalyzates obtained in Expts, 15 and 16, we isolated 2,2% and 
4,0%, respectively, of 2-ethyl-2,3-dihydro-6-methylbenzofuran, b.p, 115,5-116° (20 mm), n”°D 1,5250 and d”, 0.9797, 


4-Butyl-o-cresol was passed through a layer of chromia—magnesia catalyst at a space velocity of 0,15 hr~! at 
480° and 550°, The yields of catalyzates were 73,3% and 66.6%, respectively. In view of their extremely small a- 
mounts, the neutral parts of the catalyzates were not investigated, In the phenolic part we identified o-cresol, 2,4- 
xylenol, and unchanged 4-butyl-o-cresol, Also, we isolated about 1% of 1-methyl-2-naphthol (experiment at 480°), 


which was identified by the melting point of the picrate (163-164°), For the picrate the literature [8] gives m.p. 
163-164", 


SUMMARY 


1, An investigation was made of the transformations of the isomeric butylphenols and butylcresols over dehy- 
drocyclization catalysts under atmospheric pressure at 350-550° in a flow system, 


2, Under the given conditions the main reaction was the partial cracking of the butyl group with formation of 
lower phenols, 


3, Of the two possible courses of the dehydrocyclization reaction there is a predominance of ring closing of 
the side alkyl group at oxygen with formation of substituted benzofurans, There is simultaneous dehydrocyclization 
with formation of the corresponding naphthols, but the yields of these do not exceed 2%, 
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There is already much information in the literature [1-6] on the catalytic transformations of cyclohexenes, 
particularly 1-methylcyclohexene, in presence of various metal oxides, and also aluminum silicates, In some of the 
papers [1,2,4] various views are advanced on the mechanism of the catalytic transformations of hydrocarbons of this 
class, Zelinskii and Arbuzov [1,2] showed that in presence of alumina and silica gel at 400-450°, 4-methylcyclo- 
hexene is isomerized into dimethylcyclopentene, Later, Adkins and Roebuck [3] studied the transformations of 1- 
methylcyclohexene in contact with pure alumina at 470-480°, and showed that this hydrocarbon is isomerized into 
2,3-dimethylcyclopentene and 3-ethylcyclopentene, Under the action of alumina these are further transformed into 
1,2-dimethyl- and 1-ethyl-cyclopentenes, respectively, Rachinskii and Rzhekhina [6] found that the main products 
of the transformations of 1-methylcyclohexene under the action of granulated gumbrin at 320° are dimethylcyclo- 
pentene, ethylcyclopentene, and ethylcyclopentane, The authors proved the presence of these hydrocarbons by the 
physical constants of the appropriate catalyzate fractions, which were hydrogenated and sulfonated. Toluene was 

also detected in the reaction products spectroscopically. In the opinion of the authors, the catalytic transformations 
of 1-methylcyclohexene under the given conditions are accompanied by partial destructive decomposition, as a re- 
sult of which cyclohexene and its isomerization products are formed, Petrov and co-authors [4,5] studied the behavior 
of cycloalkenes, in particular 1-methylcyclohexene, at 250° in presence of a Houdry aluminum silicate catalyst. The 
authors report that under their conditions 1-methylcyclohexene suffered scarcely any isomeric changes, In this case, 
the main reaction product was methylcyclohexane (80%), 


We were interested to find conditions under which it would be possible to effect the displacement of the double 
bond in the six-membered ring from the 1,2- to the 2,3- or 3,4-position with the object of obtaining 3- or 4-methyl- 
cyclohexene, These isomers can serve as raw material for the synthesis of 2- or 3-methyladipic acid by oxidation 
at the double bond of the ring. With this object we studied the transformations of 1-methylcyclohexene in presence 
of various catalysts: activated birch charcoal containing 5% of barium chloride, a catalyst consisting of 10% Fe,Os, 
and 90% Al,O3, and activated gumbrin at temperatures in a wide range (250-450°), We studied also the transforma- 
tions of 1-methylcyclohexene and 4-methylcyclohexene in contact with an aluminum oxide — ferric oxide catalyst 
at 400° and 180 mm with one and two passages over the catalyst, The results of our investigation showed that in the 
range 250-300° in presence of activated birch charcoal containing 5% of barium chloride, 1-methylcyclohexene suffers 
no appreciable change, The main products of the transformations of 1-methylcyclohexene in presence of gumbrin 
at 300° are methylcyclohexane (60%) and 4-methylcyclohexene (14%), Investigation of the products of the trans- 
formation of 1-methylcyclohexene in presence of an alumina — ferric oxide catalyst in the range 250-450° showed 
that they consist of 4-methylcyclohexene, methylcyclohexane, toluene, and unchanged 1-methylcyclohexene, The 
possibility is not excluded that some 3-methylcyclohexene was also present in the catalyzates, 


From our results on the products of the transformations, we may conclude that the main reactions occurring 
under the given conditions are the isomerization of the double bond in the six-membered ring, the dehydrogenation 
of methylcyclohexenes (the original and the 4-methylcyclohexene formed) and methylcyclohexane into toluene, 
and probably also redistribution of hydrogen with formation of methylcyclohexane and toluene, The transformations 
of these hydrocarbons may be represented as shown on the following page, 


Investigation of the Raman spectra of the hydrogenated transformation products showed the absence of cyclo- 
pentanes among them, 


| 


*Z, P, Polyakova took part in the experimental work, 


' 


Ch, 
+H, 


EXPERIMENTAL* 


| cH, cr, 


Original Hydrocarbons, 1-Methylcyclohexene [7] was prepared in 42% yield by the dehydrochlorination of a 
mixture of isomeric chloromethylcyclohexanes in presence of activated birch charcoal containing 5% of barium 

chloride at 220°, 1-Methylcyclohexene was isolated from the mixture of isomeric methylcyclohexenes by careful 
fractionation through a column of 24-plate efficiency; it had b.p. 108-109° (748 mm), n”°D 1,4505, and d”, 0.8088, 


TABLE 1, Resuits of the Catalytic Transformations of 1-Methyl- 
cyclohexene in Presence of Fe,O3 (10%) — Al,Og 


Composition of catalyzate (%) 


Temp.,| Pressure 
(mm) | | 


JN 


L— 


79,3 15,6 1,9 3,2 
250 180 86,1 3,8 0,3 9,8 
300 |Atmospheric 28,2 24,3 8,8 38,7 
200 180 71,2 7,9 1,4 19,5 
400 43.3 41,0 15,4 61,3 
400 180 49,7 17.0 2,0 31,3 
450 |Atmospheric 8.8 7,8 10,5 72,9 
450 180 23.5 10,8 4,5 64,1 


4-Methylcyclohexene was prepared by the dehydrochlorination of the product of the reaction of 4-methylcyclohex- 
anol with concentrated hydrochloric acid; it had b,p. 100-100,8° (742 mm), n”°D 1,4420, and d”, 0.7999, The puri- 
ties of these hydrocarbons were checked by chromatography. Methylcyclohexane, after purification over silica gel, 


had b.p, 100,5° (750 mm), 1,4232, and d”°, 0.7693, Toluene had b.p. 110,6° (760 mm), nD 1.4965, and 
0.8670, 


Catalysts, Alumina — ferric oxide catalyst (Al,O3 + 10%Fe,O,)was prepared by the coprecipitation of molar 
solutions of ferric and aluminum nitrates with 12% ammonia solution at room temperature with mechanical stirring. 
The combined precipitate of hydroxides was washed with distilled water to effect the complete removal of nitrate 
ions, Gumbrin (natural aluminum silicate of the Georgian SSR) was activated by treatment with 10% hydrochloric 
acid and heating for 4 hr, after which it was washed with distilled water until chloride ions had disappeared, The 
dried precipitate of hydroxides was then tableted in the form of cylinders, 4 mm both in height and in diameter, 


Barium chloride on charcoal was prepared by the impregnation of activated birch charcoal with the calculated a- 
mount of barium chloride solution. 


Isomerization of 1-Methylcyclohexene, The experiments were carried out in the usual laboratory flow appa- 
ratus at atmospheric and at reduced pressures, The space velocity of the feed of the hydrocarbon was 0,2 hr’, In 
experiments with Fe,O3 — Al,Os the yield of liquid catalyzate with boiling limits of 99-110° was about 90%, The 
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Fig. 1, Temperature-dependence of the com- 200 
position of the Fig, 2, of the com- 
ign: position of the catalyzate obtained in experiments 
3) 4-methylcyclohexene; 4) methylcyclohexane, 


TABLE 2, Transformation of Hydrocarbons in Contact with Fe,O3 (10% —Al,03 
at 400° and 180 mm 


Composition of catalyzate (%) 


Original hydrocarbon 


1-Methylcyclohexene 
from Expt, 1 
4-Me hylcyclohexene 
Catalyzate from Expt, 3* 
Methylcyclohexane 
Toluene 


* Judging from the results of chromatographic analysis, this catalyzate 
probably contains also 7.6% of 3-methylcyclohexene, 


amount of gas liberated was extremely small, At 400° and atmospheric pressure the gas consisted mainly of hydro- 
gen and contained 1-3% of methane, The catalyzates were analyzed by the method of gas-liquid chromatography 

in a two-meter column filled with diatomite impregnated with tritolyl phosphate (20%), As carrier gas we used hy- 
drogen, which was passed through the column at a rate of 40 ml/hr, The results of the catalytic transformations of 
1-methylcyclohexene are given in Table 1 and 2, The temperature-dependence of the contents of hydrocarbons in 


the catalyzate, calculated on the 1-methylcyclohexene converted, at atmospheric and at reduces pressures is shown 
in Figs, 1 and 2, 


It will be seen from Table 1 that in presence of an alumina — ferric oxide catalyst at 250-450° and atmospher- 
ic pressure 1-methylcyclohexene is preferentially isomerized into 4-methylcyclohexene and dehydrogenated into 
toluene, The formation of some methylcyclohexane under the given conditions probably occurs as a result of hydro- 
gen redistribution, The largest amount of 4-methylcyclohexene is formed at 300°, With rise in temperature the 
content of 4-methylcyclohexene in the catalyzate falls and the amount of toluene rises, At the same time, the de- 
gree of conversion of the 1-methylcyclohexene increases, At reduced pressure the optimum temperature for the 
isomerization of 1-methylcyclohexene into 4-methylcyclohexene is 400°, Here again, with rise in temperature the 
extent of the isomerization falls and the yield of toluene rises, The difference in the courses of the temperature 
curves for the transformations of 1-methylcyclohexene at atmospheric and at reduced pressures is probably to be ex- 
plained by the difference in the time of contact of the original hydrocarbon and the catalyst, 
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We considered it to be of interest also to elucidate the transformations of 1-methylcyclohexene in presence of 
an alumina — ferric oxide catalyst at 400° and 180 mm, With this object we investigated the transformations of 4- 
methylcyclohexene, methylcyclohexane, and toluene, The results are presented in Table 2, 


It will be seen from Table 2 that, as a result of two passages of 1-methylcyclohexene, the amount of toluene 
formed is almost doubled (as compared with one passage), and the yield of 4-methylcyclohexene is reduced to 12.5%, 
The conversion of the original hydrocarbon rises to 81,1/, The main products of the transformations of 4-methylcy- 
clohexene are 1-methylcyclohexene (25.5%), methylcyclohexane (9.1%), and toluene (40%), In a second passage of 
the transformation products of 4-methylcyclohexene in presence of Fe,O3— Al,O3 at 400° it was found that its con- 
version rises to 92.5% and the toluene content of the catalyzate rises to 64,3%, In addition, there is a fall in the 
yield of 1-methylcyclohexene to 12%, The methylcyclohexane content of the catalyzate remains almost unchanged, 
Moreover, by gas-liquid chromatography on this catalyzate we found 3-methylcyclohexene (7.6'%), The treatment 
of methylcyclohexane under the same conditions gave a catalyzate containing 5.2% of toluene. Under the same con- 
ditions the latter undergoes scarcely any change, 


On analysis of the data in Table 2 it is seen that in the repassage of the products of the transformations of 1- 
and 4-methylcyclohexenes over the catalyst transformations occur in all four hydrocarbons composing the first cata- 
lyzates, As in the first passages, the main reactions are displacement of the double bond in methylcyclohexenes, 
their dehydrogenation, and redistribution of hydrogen, Hence, increase in the amount of toluene in the catalyzates 
obtained in the second passage occurs both as a result of transformations of the original methylcyclohexenes and as 
a result of their isomerization, Also, toluene is formed by the dehydrogenation of methylcyclohexane, The forma- 
tion of methylcyclohexane is probably a result of redistribution of hydrogen in the original methylcyclohexenes, 


SUMMARY 


1, The transformations of 1- and 4-methylcyclohexenes in presence of an alumina — ferric oxide catalyst were 
investigated, 


2. In the range 250-450° in presence of this catalyst, the main transformations of 1- and 4-methylcyclohex- 
enes were isomerization with displacement of the double bond, dehydrogenation into toluene, and redistribution of 
hydrogen with formation of methylcyclohexane and toluene, 
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In previous papers [1] we have reported on the composition of gasolines in deposits associated with the Devoni- 
an and carboniferous systems in which the collectors were sandy rocks, In the present investigation we studied the 


composition of the gasoline separated from Shugurov petroleum (bore hole 10) associated with the carboniferous sys- 
tem, in which the collector was formed by carbonate rocks, 


Name of hydrocarbon 


TABLE 1, 


Content (% by 
wt, on gasoline 


Content (% by 
wt, on gasoline) 


Name of hydrocarbon 


Paraffins 
Gaseous hydrocarbons 0.55 2,5- Dimethylhexane 0,26 
2-Methylbutane 4,53 3-Ethylhexane 0.37 
Pentane 10,15 2-Methylheptane 2,40 
2,2-Dimethylbutane 0,27 3-Methylheptane 0,72 
2,3-Dimethylbutane 1,28 4-Methylheptane 1,56 
2-Methylpentane 3,59 Octane 8,23 
3-Methylpentane 2,39 2,3,5-Trimethylhexane 0.29 
Hexane 5.55 3,4,5-Trimethylhexane 0.29 
2,2-Dimethylpentane 0,13 2,2-Dimethylheptane 0.57 
2,3- Dimethylpentane 0,42 2,6-Dimethylheptane 2,02 
2,4~ Dimethylpentane 0.13 4,4- Dimethylheptane 0.37 
2-Methylhexane 1,47 4-Ethylheptane 0.35 
3-Methylhexane 3,08 2-Methyloctane 0.79 
3-Ethylpentane 0,75 3-Methyloctane 1,30 
Heptane 7,30 4-Methyloctane 1,04 
2,3-Dimethylhexane 0.50 Nonane 2.82 
2,4- Dimethylhexane 1,03 \ 
Total 66.50 
Cyclopentanes 

Cyclopentane 0,22 cis,trans-, cis-1,2,3-Trimethyl- 

cyclopentane 0.46 
Methylcyclopentane 0.82 cis-trans-cis-1,2,4-Trimethyl- 

cyclopentane 0.57 
cis-1,3- Dimethylcyclopentane 0.79 cis, cis,cis-1,2,3-Trimethyl- 

cyclopentane 0.18 
trans-1,2- Dimethylcyclopentane 1,03 Propylcyclopentane 0.86 
trans-1,3-Dimethylcyclopentane 0,14 Isopropylcyclopentane 0.25 
cis-1,2- Dimethylcyclopentane 0,22 1-Methyl-3-propylcyclopentane 0,25 
Ethylcyclopentane 0.13 


Total 


TABLE 1 (continued) 


Name of hydrocarbon Content (% by 
wt, on gasoline 


Name of hydrocarbon Content (% by 
wt, on gasoline) 


Cyclohexanes 
Cyclohexane 0.61 1,1-Dimethylcyclohexane 0.16 
Methylcyclohexane 2,79 1,1,2-Trimethylcyclohexane Traces 
1,3-Dimethylcyclohexane 0.87 1,1,3-Trimethylcyclohexane 2.68 
1,4-Dimethylcyclohexane 0,34 1,1,4-Trimethylcyclohexane Traces 
1,2-Dimethylcyclohexane 0,30 
Ethylcyclohexane 1,18 


Total 8,93 


Aromatics 


Benzene 0,28 p- Xylene 0,28 
Toluene 0,88 o- Xylene 0,18 
m- Xylene 0.83 Ethylbenzene 0,55 


3,00 


Identified 84,36 
Not identified 6.07 
Losses 9.57 


We investigated the gasoline boiling up to 150°, which was obtained from a wide distillate (from start of boil 
to 240°), From the wide distillate we separated the low-boiling part (from start of boil to 60°) and the 60-205" frac- 
tion, From the latter we distilled narrow fractions up to 200° for investigation, The investigation of the ligroin frac- 


tion (150-200°) is described in the preceding communication [2]. The hydrocarbons detected in the gasoline by the 
combined method [3] and their amounts are indicated in Table 1, 


The group composition of the gasoline is given in Table 2, 


It follows from Table 2 that the gasoline from Shugurov petroleum contains 66.5% of paraffin and 15% of naph- 
thene hydrocarbons, This gasoline can therefore be described as a paraffinous gasoline. The high contents of pent- 
ane (10%) and octane are noteworthy, Asa rule, almost in 
all gasolines (with the exception of the gasoline from Devoni- 
an petroleum DIII, bore hole 641) the octane content is less 
than the heptane content, There is a predominance of norm- 
al paraffins (35%) over isoparaffins (30%), whereas in the 


TABLE 2, 


Class of hydrocarbons Content (% by wt, 


on gasoline) 


Normal paraffins 34,8 carboniferous petroleum (bore hole 426) the reverse is true 
Paraffins with tertiary carbon (29% and 35%, respectively), This is due to the fact that, in 
atom 30,4 comparison with other petroleums of the Shugurov deposit, 
Paraffins with quaternary the petroleums from bore holes 10, 104, and 6 contain con- 

carbon atom 1,3 


siderable amounts of light fractions; in particular, petroleum 


Cyclopentanes 5.9 from bore hole 10 contains 2.4% of fractions boiling up to 
Cyclohexanes 8.9 60° [4]. The high contents of pentane and octane do not im- 
Aromatics 


3.0 


ply that the Shugurov gasoline from bore hole 10 is peculiar 


in this respect, inasmuch as it does not otherwise differ in 
chemical composition from other gasolines, both from the carboniferous and from the Devonian deposits, In this re- 


spect it will be of interest to compare the individual hydrocarbon composition of the carboniferous gasoline from 
bore hole 5 of the Shugurov deposits in which the collectors are carbonate rocks, 


SUMMARY 


1, An investigation was made of the individual hydrocarbon composition of the gasoline of Shugurov petrole- 
um (bore hole 10), which is associated with the carboniferous system with carbonate rocks as collector, 


2. The high content of pentane is noteworthy; it is to be explained by the considerable content of light frac- 
tions (up to 60°) in the petroleum from bore hole 10, 
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TO a-OLEFINS AND ALLYL ETHERS 
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Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No, 11, pp. 2065-2071, November, 1961 
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Several variants of the synthesis of aliphatic carboxylic acids by the cleavage of five- and six-membered ali- 
cyclic compounds have been used, Fieser [1] proposed to oxidize 1-alkylcyclopentanols and 1-alkylcyclohexanols 
with chromium trioxide in glacial acetic acid, as a result of which 5- and 6-keto carboxylic acids, respectively, 
are formed, The 1-alkylcycloalkanols required were synthesized by the reaction of Grignard reagents with cyclic 
ketones, However, in almost all cases yields of only 10-15% were obtained in the oxidation of 1-alkylcyclopent- 
anols and 1-alkylcyclohexanols to keto acids [2-4], Much better results were obtained by the ozone oxidation of 
products of the dehydration of tertiary alcohols, namely 1-alkylcyclohexenes and 1-alkylcyclopentenes [5,6]. 


TABLE 1, 


Expt. Reactants mount taken Temp., °C | Time, Yield Reltdee, 
(hr) 
6.5 


Ketone (A) | Unsaturated (mol, proportion) 


A T- 
3 0.3 


1 Cyclopentane |1-Octene 0.06 | 128-130 33 | 57 61 13,5 
2 1-Decane 3 0.3 | 0.06 | 127-130 6.5 47,8 | 71 13,5 
3 " 4-Methyl-1- 

decene 3.5 | 0.35 | 0,07 | 128-130 6 51,7 | 62 68 14 
4 2 Allyl octyl 

ether 3.5 | 0,35 | 0,105} 128-129 6 47,2 | 53 59 20 
5 i Allyl decyl 

ether 3 0.3 | 0,06 | 129-130 6 38,1} 45 59 19.5 
6 Cyclohexanone | 1-Octene 3 0.3 | 0,06 | 142-150 4.5 37,2 | 59 16 11,5 
7 2g 1-Decene 3 0.3 | 0,06 | 146-152 6 44,5 | 62,3 - 14,5 
8 4-Methyl-1- 

decene 3.5 | 0,35 | 0.07 | 149-153 6 54 | 61,2 pad 16 
9 Allyl octyl 

ether 3.5 | 0.35 | 0,105 | 143-152 6 53,5 | 57 64 23 
10 2-(A llyloxy)- 

ethanol 5 0.5 |0.1 |142-153 6 30 | 30 37.5 


Another known method for the synthesis of 6- and 7-keto carboxylic acids consists in the acylation of cyclo- 
pentanone and cyclohexanone with acid anhydrides [7] and cleavage of the resulting 2-acylcyclopentanones and 2- 
acylcyclohexanones with alkali [8], An unsatisfactory feature of this last method is the low yield (about 35%) of 
product at the acylation stage, The synthesis of 2-acylcyclohexanones in 75-85% yield has been developed by Hunig 
and co-workers [9], who carried out the acylation of not cyclohexanone itself, but the product of its condensation 
with morpholine or pyrrolidine, In this case the scheme of synthesis is complicated on account of additional stages, 
namely the formation of the enamine and its hydrolysis, A method of lengthening the chain of a carboxylic acid by 
five carbon atoms was proposed by Plesek [10], It consisted in the acylation of ethyl 2-oxocyclopentanecarboxylate 
with an acid chloride and the subsequent cleavage of the acylated product to a 6-keto acid, Fina.!y, we must 
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mention the synthesis developed by Stetter [11] and applied in numerous cases for the synthesis of carboxylic acids 


by the alkylation of 1,3-cyclohexadione and the cleavage of the resulting 2-alkyl-1,3-cyclohexadiones with hydra- 
zine, 


We set ourselves the task of developing another route to keto carboxylic acids which, as we saw it, would be 
preferable to those described above in quite a number of cases, With this object we studied the free-radical addition 
of cyclopentanone and cyclohexanone to a-olefins and allyl ethers, The addition of cyclohexanone to 1-octene ini- 
tiated by ultraviolet radiation was described earlier by Kharasch and co-workers [12]; they showed that, when a 1:8 
mixture of cyclohexanone and 1-octene was irradiated for 50-70 hr, a number of products was formed: hexanal, 2- 
octene, octene dimer, 2-octylcyclohexanone, 2:1 and 3:1 adducts, and macromolecular substances, The yield of 2- 
octylcyclohexanone was 20-26% on the cyclohexanone, Using t-butyl peroxide as initiator, we showed that cyclo- 
hexanone and cyclopentanone add to undecenoic acid with formation of 11-(2-oxocyclopentyl)undecanoic and 11- 
(2-oxocyclohexyl)undecanoic acids, respectively [13]. In the present work this reaction was studied in greater detail. 
The conditions of individual experiments, the yields of 1:1 adducts, and the amounts of high-boiling products are 
given in Table 1, Table 2 shows the structures of the 2-substituted cyclopentanones and cyclohexanones obtained, 
and their properties, Experiments 1-10 were all carried out in the same way: a solution of the peroxide and unsatu- 
rated compound were added uniformly and continuously throughout the whole reaction to the boiling ketone, Reac- 
tion began with homolytic decomposition of t-butyl peroxide into t-butoxy radicals, On reaction with the ketone 
these abstracted hydrogen from the CH, group adjacent to the carbonyl group, Such selectivity in the direction of 
the attack on the ketone molecule is probably to be explained by the lower dissociation energy of the a-C — H bonds 
and the greater stability of the resulting radical resulting from the conjugation effect, The radical formed adds at 
the double bond of the unsaturated compound, after which propagation of the chain proceeds: 


O Oo 
Il 1! 


+ CH,=CH—R (A) 


a ( + ( 


As well as the 1:1 adduct, substances of higher molecular weight are obtained, and these are probably products of 
the addition of the 1:1 adduct to a new olefin molecule and telomerization products, At molar proportions of ketone: 
unsaturated compound :peroxide of 10:1:0,.2, the yields of 1:1 adducts were 50-70%, calculated on the unsaturated 
compound, In Experiments 1, 3-6, and 9 part of the olefins and allyl ethers taken for reaction were isolated from 

the reaction mixture, but in the other experiments we did not succeed in doing this. In carrying out the identifica- 
tion of the products we found that the 2,4-dinitrophenylhydrazones of 2-octylcyclohexanone prepared by Kharasch 
[12] and by us had different melting points (112-113° and 118-118,5°, respectively), To confirm the correctness of 
the structure that we attributed to the 1:1 adducts (see Table 2), we synthesized 2-octylcyclopentanone in two ways: 


— 


O 


The two samples had identical properties and their melting points were identical and were not depressed in a mix- 
ture test, 


It is evident that under the conditions of irradiating the mixture of 1-octene and cyclohexanone with ultra- 
violet radiation, cyclohexanone adds not only to 1-octene, but also to the 2-octene formed, As a result, a 1:1 ad- 
duct is obtained which consists mainly of 2-octylcyclohexanone contaminated by isomeric products, It is this that 
explains the low melting point of the 2,4-dinitrophenylhydrazone, Under our conditions the probability of the forma- 
tion of 2-octene was very low, The 1:1 adducts obtained in Experiments 1-8 were oxidized with chromium trioxide 
with cleavage of the ring and formation of the corresponding keto acids, e.g, 


| 


O 
Il 


All the oxidations were carried out under identical conditions; the chromium trioxide was taken in an amount that 
exceeded the theoretical by about 15%, The highest yield of keto carboxylic acids was obtained in the oxidation of 

2-alkylcyclopentanones and 2-alkylcyclohexanones (77-87%). Lower yields of keto acids were obtained when branch- 
ing or an ether link was present in the side chain, 


EXPERIMENTAL 


Addition of Cyclopentanone and Cyclohexanone to a-Olefins and Allyl Ethers (Table 1, Experiments 1-10), 
Cyclopentanone or cyclohexanone, in an amount of 80-85 moles percent of the total calculated quantity, was placed 
in a flask fitted with stirrer, reflux condenser, calibrated dropping funnel, and thermometer, The ketone was heated 
to the boiling point and stirred while uniform dropwise addition was made of a solution of the t-butyl peroxide and 
the olefin (or allyl ether) in the remainder of the ketone, When the addition was complete, the reaction mixture was 
heated further for 1 hr; excess of ketone and products of the decomposition of the peroxide were then distilled off, 
From the resulting high-boiling product we vacuum-distilled the 1:1 adduct, and telomerization products remained 
in the flask; the amounts are given in Table 1 in the column “Residue,” The 1:1 adducts were purified by repeated 
distillation, In Experiments 3-5 and 7-9, they were also passed through a column of silica gel. In Experiments 1, 
3-6, and 9 we succeeded in isolating the unsaturated compounds that did not react, 


2-Octylcyclopentanone, A well-ground mixture was prepared from 14 g (0.05 mole) of 2-octyladipic acid 
(the synthesis of this was described earlier [15]) and 1,7 g of barium hydroxide, The mixture was heated in the range 
270-300°, and ketone and water distilled off. We obtained 6 g (56%) of 2-octylcyclopentanone; b.p, 122-129° (4 
mm); d”, 0.8816; 1.4529, Its 2,4-dinitrophenylhydrazone had 105,7-106,2° (from alcohol). 


5-Oxotridecanoic Acid (11), To a solution of 26 g of concentrated sulfuric acid in 44 ml of water we added 
19.6 g (0.1 mole) of 2-octylcyclopentanone and then, with stirring, a solution of 15 g (0,15 mole) of chromium tri- 
oxide and 26 g of sulfuric acid in 44 ml of water, During the addition the temperature was kept in the range 45-50", 
and the mixture was then kept at the same temperature for 2 hr further and left overnight. By extraction with hot 
benzene (six portions, each 50-60 ml) and then with ether, the keto acid was isolated from the reaction mixture, 
Ether and part of the benzene were driven off, and the precipitated crystals of keto acid (16.8 g) were separated from 
the mother liquid, Distillation of the mother liquid gave a further 1.5 g of the acid, In all we obtained 18,3 g (80%) 
of 5-oxotridecanoic acid, m,p, 72-72,5° (from benzene), Found: C 68,39, 68,15; H 10.67, 10.64%, Cy3H»,O3. Cal- 


culated: C 68,38; H 10.60%, The other keto acids were prepared from 2-substituted cyclopentanones and cyclohex- 
anones by an analogous procedure, 


5-Oxopentadecanoic Acid (12), On oxidation of 40 g (0.18 mole) of 2-decylcyclopentanone with 27 g (0,27 
mole) of chromium trioxide we obtained 35,5 g (17%) of 5-oxopentadecanoic acid, m.p, 82-82,5° (from benzene), 


Found: C 70,21; 70,23; H 11,31, 11.06%, CysO.g03. Calculated: C 70,27; H 11.01%, Semicarbazone m.p, 121 to 
121,5° (from alcohol), 


9-Methyl-5-oxopentadecanoic Acid (13), From 47.9 g (0.2 mole) of 2-(4-methyldecyl)cyclopentanone we 
obtained 48 g of crude keto acid, After vacuum distillation and purification through a silica gel column we isolated 
36 g (66% on reactant taken, 79% on the amount that reacted) of 9-methyl-5-oxopentadecanoic acid; b.p, 175-17 “4 

(1 mm), d”°, 0.9497, n*°D 1,4578; found MR 77.66; calculated MR 77,88;- acid number found 205.5, calculated 207.5. 


Found: C 70,76; H 11.18%, CygHgO3. Calculated: C 71,07; H 11.18%, Semicarbazone m.p. 113,5-114° (from al- 
cohol), 


| 
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8-(Octyloxy)-5-oxooctanoic Acid (14), On oxidation of 38,2 g (0.15 mole) of 2-[3-(octyloxy)propyl]cyclo- 
pentanone we isolated 15.5 g of unchanged reactant and 14,3 g of 8-(octyloxy)-5-oxooctanoic acid, Yield 33,3% on 
reactant taken and 56% on the amount that reacted; m.p. 49° (from acetone), Found: C 67,20, 67.23; H 10,56,10,66%, 
Calculated: C 67,10; H 10.56%, Semicarbazone m.p. 90-90,5° (from alcohol). 


8-(Decyloxy)-5-oxooctanoic Acid (15), On oxidation of 28,3 g (0,1 mole) of 2-[3-(decyloxy)propyl]cyclo- 
pentanone we isolated 13 g of unchanged reactant and 9.8 g (31% on reactant taken, 58 % on the amount that reacted) 
of 8-decyloxy-5-oxooctanoic acid, m.p. 58,1° (from acetone), Found: C 68,66, 68.67; H 10,70, 10.80%, CygHysQ,. 
Calculated: C 68.75; H 10.90%, Semicarbazone m.p. 108° (from alcohol), 


6-Oxotetradecanoic Acid (16), From 17,8 g (0.085 mole) of 2-octylcyclohexanone we obtained 18 g (87%) of 
6-oxotetradecanoic acid, m.p. 72.5° (from acetone), Semicarbazone m,p. 129-130° (from alcohol), 


For the melting point of the keto acid the literature gives 71,5° [4] and 72° [10]; for the melting point of the 
semicarbazone it gives 130° [4] and 138° [10]. 


6-Oxohexadecanoic Acid (17), From 38,2 g (0,16 mole) of 2-decylcyclohexanone we obtained 30 g (69.3% on 
the reactant taken and 84,7% on the amount that reacted) of 6-oxohexadecanoic acid, m.p. 81,5-82° (from benzene), 
Found: C 71,29, 71.17; H 11,12, 11.16%, CygHg903. Calculated: C 71,07; H 11.18%, Semicarbazone m.p, 154° 
(from alcohol), The literature [4] gives: keto acid m.p, 79°, semicarbazone m.p. 149,5°. 


10-Methyl-6-oxohexadecanoic Acid (18), From 46,7 g (0,185 mole) of 2-(4-methyldecyl)cyclohexanone we 
obtained 45,8 g of crude keto acid, After distillation and purification through a silica gel column we obtained 26 g 
(50% on the reactant taken and 63% on the amount that reacted) of 10-methyl-6-oxohexadecanoic acid; b,p. 181 to 
182° (1 mm); d”°, 0.9439; n°D 1,4587; found MR 82,33; calculated MR 82,53, Found: C 71,61, 71,43; H 11.48, 
11.27%, CyzH»O3. Calculated: C 71.78; H 11.34%, Semicarbazone m.p. 103° (from alcohol), 


Acids (11), (13)-(15), and (18) were prepared for the first time. 
SUMMARY 


A new method was developed for the synthesis of 5- and 6-keto carboxylic acids by the addition of cyclo- 
pentanone and of cyclohexanone in presence of t-butyl peroxide to a-olefins with subsequent oxidation of the 2- 
alkylcyclopentanones and 2-alkylcyclohexanones with chromium trioxide. 
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VINYL COMPOUNDS IN THE DIENE SYNTHESIS 


COMMUNICATION 8, DIENE CONDENSATION OF VINYL ETHERS AND 
SULFIDES WITH ANTHRACENE 


M. F. Shostakovskii, A. V. Bogdanova, and A. N. Volkov 


N. D. Zelinskii Institute of Organic Chemistry, Academy of Sciences of the USSR 
Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No, 11, pp. 2072-2074, November, 1961 

Original article submitted June 16, 1961 


In a systematic study of the dienophilic properties of vinyl ethers we reported [1-4] their ability to undergo di- 
ene condensation with some cyclic and acyclic dienes, We noted that the diene synthesis goes more readily with 
vinyl ethers containing cyclic groups, and of the dienes investigated it is the cyclic compounds that undergo the re- 
action most readily, In the case of an acyclic diene such as 2,3-dimethyl-1,3-butadiene considerably lower yields 
of adducts were obtained than in the case of hexachlorocyclopentadiene, This fact is to be explained partly by the 
higher tendency of acyclic dienes to polymerize, In the case of 2,3-dimethyl-1,3-butadiene we obtained a con- 
siderable amount of the copolymer of vinyl ether and 2,3-dimethyl-1,3-butadiene, 


With a view to the more complete investigation of the dienophilic activity of vinyl ethers and sulfides it was 
of interest to study the diene condensation of these with polycyclic hydrocarbons having conjugated systems of double 
bonds, As our conjugated aromatic system we chose anthracene as being the most readily available and highly re- 
active, The central ring of the anthracene nucleus contains an active diene system and reacts smoothly with maleic 


anhydride [5-7], dimethyl acetylenedicarboxylate [5], allyl alcohol [8], and other dienophiles [9] with formation of 
stable adducts, 


Diene condensation with anthracene was carried out with butyl vinyl, hexyl vinyl, cyclohexyl vinyl, phenyl 


vinyl, m-tolyl vinyl, decyl vinyl, decahydro-2-naphthyl vinyl, and 2-naphthyl vinyl ethers, and also with ethyl vinyl 
and phenyl vinyl sulfides, Reaction went according to the scheme: 


XR=OC,Hy (1); (I): (ill): OC,H, (IV). 
OC,H,CH, (m) (V)i OCH, (VI): OCH, (B) (VI): 
OC (B) (VII); (IX); (X). 


The diene synthesis was carried out in a steel ampoule, which was heated at 220-240° for 13-15 hr. With 
vinyl sulfides the reaction was carried out at 180°, Phenyl vinyl ether showed the greatest dienophilic activity, Rise 


in the reaction temperature led to resinification of the products and lowering of the yield of the adduct, and lowering 
of the temperature slowed down the reaction, 


EXPERIMENTAL 


Reaction of Hexyl Vinyl Ether with Anthracene, A mixture of 17,28 g (0,135 mole) of hexyl vinyl ether and 
4 g (0.0225 mole) of anthracene, m.p. 216°, was placed in a steel ampoule; the latter was purged with nitrogen, after 
which the mixture was heated at 235° for 14 hr, The product was discharged and filtered through a glass filter to 
separate a crystalline solid (1.1 g), which, after three crystallizations from heptane at 45-50°, was found to be un- 
changed anthracene, m,p, 216°, Excess of hexyl vinyl ether and the acetal that had formed were distilled from the 
filtrate, The residue (4,4 g) was vacuum-fractionated, and the following fractions were collected: Fraction I, b.p. 
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up to 155° (1 mm), 0.8 g; Fraction II, b.p, 156-157° (1 mm), 3,2 g; residue, 0.4 g, From Fraction I we isolated anth- 


racene (0,5 g), m.p. 216°, After redistillation Fraction II was found to be the adduct (II) formed by hexyl vinyl ether 
with anthracene (see table), 


In an analogous way we prepared the other adducts formed by vinyl ethers with anthracene, The adducts of 
phenyl vinyl (IV), m-tolyl vinyl (V), and 2-naphthyl vinyl (VIII) ethers were purified by fractional crystallization 
from heptane, petroleum ether, and a mixture of 80% of petroleum ether and 20% of diethyl ether, respectively, The 
adduct of butyl vinyl ether (I) may remain liquid for a long time at room temperature and crystallize out only when 
cooled strongly (—30°), All the crystalline adducts were soluble in benzene, acetone, and ether and difficultly soluble 


in alcohol, heptane, and petroleum ether, The liquid adducts were thick and viscous with the violet fluorescence 
characteristic for compounds of the anthracene series, 


SUMMARY 


1, The conditions were studied for the diene condensation of anthracene with butyl vinyl, hexyl vinyl, cyclo- 
hexyl vinyl, phenyl vinyl, m-tolyl vinyl, decyl vinyl, decahydro-2-naphthyl vinyl, and 2-naphthyl vinyl ethers, and 
also with ethyl vinyl and phenyl vinyl sulfides, 


2, Ten adducts, which were new 9,10-dihydroanthracene derivatives, were isolated and characterized, 


3. Vinyl ethers and sulfides show greater dienophilic activity toward anthracene than toward acyclic dienes 
and less activity than toward cyclopentadiene and hexachlorocyclopentadiene, 
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SYNTHESIS AND POLYMERIZATION OF DIALLYL TARTRATE 
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There are descriptions in the literature [1-4] of the polymerization of some diallyl esters of dibasic acids (suc- 
cinic, adipic, maleic, fumaric, and phthalic), Data on diallyl tartrate are confined to the patent literature [5],which 
indicates the possibility of its polymerization in presence of benzoyl peroxide, We considered it to be of interest to 
investigate this reaction and determine the effect of the structure of diallyl tartrate, which contains functional groups 
other than allyl (OH), on the course of the polymerization and on the properties of the polymer, To establish the 
procedure in the polymerization of diallyl tartrate, the reaction was carried out in presence of various amounts of 
initiators (benzoyl peroxide and azodiisobutyronitrile), the temperature and reaction time being varied, As a result 


of the investigations it was shown that, depending on the reaction conditions, linear (I) and three-dimensional (II) 
diallyl tartrate polymers are formed in various proportions: 
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The effect of the amount of initiator (benzoyl peroxide) on the course of the polymerization is shown in 
Table 1, This shows that with 2% of benzoyl peroxide polymerization is very slow: the amount of polymer isolated 


TABLE 1, Polymerization of Diallyl Tartrate in Presence of Various Amounts of 
Benzoyl Peroxide at 95° for 5 hr 


Amount of 
Content of | polymer 
(PhCO),0,, | taken for 
(%) fractiona- 
tion (g) 


Tartaric acid content 
Amount of | of ctoss-1 ed 


nchanged | polymer 
monomer 
%) found calc, 


Yield of polymer (%) 


cross- 
total linked l linear 


HO—CH _HO—CH 

2 1,32 5,3 5,3 94,7 

3 1,75 29,18 17,75 11,43 61,2 49,7 50,5 

4 2,65 59,71 58,2 4,51 38,5 49,3 50,5 

5 2,57 57,26 56,1 1,16 39,7 49,8 50,5 

: 6 2,47 56,74 55,1 1,24 40,5 48,7 50,5 
1933 


is only 5% on the monomer taken, This polymer is soluble in methanol. When the amount of benzoyl peroxide is 
increased, there is an increase in the yield and in the content of cross-linked polymer, Thus, in presence of 3% of 
benzoyl peroxide the yield attains 29%, and of this 11.4% is soluble polymer and 17,75% is cross-linked polymer; in 
presence of 4%, 5%, and 6% of benzoyl peroxide the greatest yields of polymers (57-60%) are obtained, and these are 
mainly of cross-linked structure (yield 55-58%), In all 


TABLE 2, Polymerization of Diallyl Tartrate at Various _—_ cases the composition of the polymers is close to theoreti- 
Temperatures for Various Reaction Times* 


cal (see Table 1), Polymerization was carried out also 


: at various temperatures (60°, 95°, and 125°) with reaction 
Amt, of | Reaction | Reaction | Yield 

- times of 5-21 hours (Table 2), As would be expected, 
one ioe —— payee rise in temperature and increase in the time of heating 
(%) (°C) (%) 


affects the process greatly. Thus, with the same amount 
of initiator (6%) and a reaction time of 5 hr, diallyl tar- 


6 (BP) 


6 (BP) 57.0 trate scarcely polymerizes at all at 60°, whereas at 95° 
6 (BP) 57.0 it forms a solid insoluble polymer in 57%yield, The 

6 (BP) 98.0 preparation of such a polymer at 60° requires 21 hr tieat- 
36 ing. Better results were obtained when the polymeriza- 
(A DIBN) 5.0 tion was carried out with 6% of benzoyl peroxide at 125° 


for 18 hr, The yield of clear solid cross-linked polymer 


*BP = benzoyl peroxide; A DIBN = azodiisobutyronitrile. wes the 


with static electricity on being rubbed, The thermo- 
stability value of the polymer was 294°, The use of azo- 
diisobutyronitrile as initiator gave worse results than benzoyl peroxide, In presence of 6% of azodiisobutyronitrile at 
95° for 18 hr, diallyl tartrate reacted with only 5% conversion into a viscous polymer, Diallyl tartrate is less active 


in polymerization than the fumeric and maleic esters [1], which is probably associated with the presence of hydroxy 
groups in diallyl tartrate, 


EXPERIMENTAL 


Synthesis of Diallyl Tartrate, The synthesis was carried out by the esterification method, as follows, A mix- 
ture of 50 g of tartaric acid, 135 ml of allyl alcohol, 200 ml of benzene, 0,3 g of hydroquinone, and 1 ml of sulfuric 
acid as catalyst (this was added as the mixture was stirred) was introduced into a three-necked flask fitted with stirrer 
and reflux condenser, The reaction was carried out at 70° for 5 hr. At the end of the reaction allyl alcohol, benzene, 
and water were vacuum-distilled off. The resulting diallyl tartrate was dissolved in ether, and the solution was 
washed with 10% sodium carbonate solution and then water until neutral, It was dried over anhydrous sodium sulfate 
for 24 hr; ether was distilled off, and then diallyl tartrate under a vacuum; yield 43,8 g (56%), Diallyl tartrate is a 
clear colorless viscous liquid with a feeble characteristic odor, It is unchanged after long standing; b.p. 162° (4mm); 


n”D 1.4738; 1.1979; Found MR 53,99; calculated MR for 53.80. The literature [6] gives b.p. 171° (10 
mm), d”° 1,1941, 


Polymerization of Diallyl Tartrate, In the study of the polymerization of diallyl tartrate (DAT) the freshly 
synthesized product was used, As initiators for the reaction we used benzoyl peroxide (2-6% and azodiisobutyronitrile 
(6%), The polymerization was carried out in glass ampoules with heating to 60°, 95°, and 125° for 5, 18, and 21 hr, 
In the polymerization there was a change in the color of the reaction products, The colorless monomer first became 
brown, and toward the end of the reaction the polymer became light yellow. In the course of the polymerization 
the viscosity gradually rose, after which there formed a gel, which was converted into solid polymer, At the end of 
the reaction the ampoules were opened and their contents were treated with methanol; part of the polymer then dis- 
solved, and the remainder only swelled, The mixture of polymers was then treated with ether to separate polymer 
from monomer, Reprecipitation was repeated until there was no longer a reaction for a double bond, The polymers 
isolated were treated with methanol to separate soluble from insoluble polymer, After separation the polymers were 
dried to constant weight. The methanol-soluble polymer contained a free allyl group, which was confirmed by the 
reaction with bromine water and by the infrared spectrum, We obtained bands of moderate intensity at 1652 em” 
which were due to the valence vibrations of a terminal double carbon bond, The methanol-insoluble polymer was 
probably of cross-linked structure, for it was insoluble in organic solvents and decomposed without melting. The 
structure of the polymers was established by hydrolysis with alkali and subsequent titration, By distillation of the 


solutions obtained after reprecipitation of the polymers we isolated unchanged monomer, The results of the experi- 
ments are given in Tables 1 and 2, 


SUMMARY 


1, Diallyl tartrate was synthesized, and its polymerization was studied, 


2. The effects of the amount of benzoyl peroxide, the temperature, and the reaction time on the yields of 
linear and cross-linked polymer were determined, 


3. The cross-linked diallyl tartrate polymer has the property of not becoming charged with static electricity 
when rubbed, 
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According to the literature, decaborane is able to form complexes with various electron-donating compounds, 


for example, with tertiary amines, triphenylphosphine, acetonitrile, diethylcyanamide, etc, [1-3]. The reaction oc- 
curs according to the following equations: 


BioHi4+2CH3CN {CH3;CN].+H, 
BioH +2P ——— BygH 
2-Isopropyl- and 2-methyl-5-(2-chloroethyl)tetrazoles react with decaborane similarly [4]: 


BioH +2CyNgHs ——— 


In the present work, we studied the reaction of decaborane with trialkyl- and triaryl-derivatives of group five 
elements: P, As, and Sb, The reaction of triethylphosphine with decaborane occurred energetically with evolution 
of heat, vigorous hydrogen evolution, and complex formation according to the scheme: 


ByoHig +2 (CoH5)3P ——— CroHie [(C2Hs)sP]2+Hee 
The reaction with triethylarsine occurred similarly, but the reaction took place only on heating (60-80°); 


BypHig +2 (C,Hs)sAs ———> 


On heating triethylstibene with decaborane at 150°, the corresponding complex could not be isolated although 
gas evolution was observed, It was shown that by heating diphenylchlorophosphine with decaborane in benzene, a 
complex was formed as in the case of triphenylphosphine: 


+ BioHis ByoH (CgHs)ePCl], + Hee 


Phenyldichlorophosphine does not form a complex with decaborane either in boiling benzene or in toluene, Tri- 
phenylarsine forms a complex with decaborane with evolution of the theoretical amount of hydrogen only at 110° 
(in toluene), However, the complex partially decomposes upon prolonged heating: 


ByoHy4 + (CoHg)3As + + Hoe 


Triphenylstibene and triphenylbismuthine do not react with decaborane upon boiling in toluene, It was esta- 
blished that triethylphosphine, diphenylchiorophosphine, and triethylarsine take part in an exchange reaction with 
diacetonitriledecaborane, as a result of which the corresponding complexes are isolated in the latter two cases: 


+ 2As(CgH5)3 + 2CHyCN 5 
ByoHi2(CHsCN). + 2(CeH5).PCl + + 2CHyCN « 


EXPERIMENTAL 


Reaction of Triethylphosphine with Decaborane, To a solution of 0.6 g (0.005 M) of decaborane in 20 ml of 
ether or benzene in a nitrogen atmosphere was added an ethereal or benzene solution of 1.4 g (0,015 M) of triethyl- 
phosphine, An exothermic reaction and vigorous hydrogen evolution took place upon mixing, The reaction mixture 
was heated on a water bath until hydrogen evolution stopped (120 ml of hydrogen was collected), The solvent was 
distilled under vacuum and the residue was washed with ether to remove excess triethylphosphine, Bis-(triethyl- 
phosphine)-decaborane melted at 110° after three recrystallizations from methylene chloride, Found: C 40,29, 
40,44; H 11,84, 11.92%, Calculated: C 40,45; H 11.79%, 


Reaction of Triethylarsine with Decaborane, Corresponding to the previous experiment, bis-(triethylarsine)- 
decaborane was obtained from 0,6 g (0.005 M) of decaborane and 2,0 g (0,012 M) of triethylarsine by heating in 
benzene, The theoretical amount of hydrogen (120 ml) was evolved, After three recrystallizations from a methyl- 
ene chloride — ether mixture, bis-(triethylarsine)decaborane melted at 140-141°, Found: C 32,42, 32,39; H 9,37, 
9.48%, CyoHByA%. Calculated: C 32,15; H 9.37%, 


Reaction of Diphenylchlorophosphine with Decaborane, As described above, bis-(diphenylchlorophosphine)- 
decaborane was obtained from 0,6 g (0,005 M) of decaborane and 2,3 g (0,011 M) of diphenylchlorophosphine by 
heating in benzene. The theoretical amount of hydrogen was evolved, After 8-10 hr standing the substance crystal- 
lized from benzene, Bis-(diphenylchlorophosphine)decaborane melted with decomposition at 194-196° after recrys- 
tallization from a methylene chloride — ether mixture and then from methylene chloride, Found: Cl 12,65, 12.37%, 
Calculated: Cl 12.68%, 


Reaction of Triphenylarsine with Decaborane, Decaborane (0,6 g; 0.005 M) in 25 ml of toluene and 3,3 g 
(0,011 M) of triphenylarsine were heated until the toluene boiled, Hydrogen (120 ml) was evolved, After distilling 
the toluene the residue was washed several times with ether and recrystallized from methylene chloride, After two 
recrystallizations from methylene chloride, bis-(triphenylarsine)decaborane melted with decomposition at 152-153”, 
Found: B 13.96%, Calculated: B 14.75%, 


Reaction of Diacetonitriledecaborane with Triethylarsine, Diacetonitriledecaborane (1,0 g, 0,005 M) in 20 
ml of benzene was heated with 2,0 g (0,012 M) of triethylarsine for 6 hr on a boiling water bath, After distilling 
the benzene and washing with ether, the substance was recrystallized from a methylene chloride — ether mixture, 


The bis-(triethylarsine)decaborane obtained melted at 140°, Found: C 32,33, 32,36; H 9.60, 9.41%, Cy Hy ByAs. 
Calculated: C 32,15; H 9.37%, 


Reaction of Diacetonitriledecaborane with Diphenylchlorophosphine, As in the above experiment, bis-(di- 


phenylchlorophosphine)decaborane was obtained from 1,0 g (0.005 M) of diacetonitriledecaborane and 2,3 g (0,011 M) 
of diphenylchlorophosphine in 20 ml of benzene, After two recrystallizations from a methylene chloride — ether mix- 


ture, the substance melted with decomposition at 195-197°, Found: Cl 13,37, 13.34%, CygHgBygClpP2. Calculated: 
Cl 12.68%, 


SUMMARY 


1, Decaborane forms complexes of the following type: BygHy, (ERs), with triethylphosphine, triethylarsine, di- 
phenylchlorophosphine, and triphenylarsine, 


2. Triethylarsine and diphenylchlorophosphine undergo an exchange reaction with diacetonitriledecaborane 
with formation of S]p and 
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The tendency for the tetrahydrofuran ring to undergo cleavage by the action of SiCl,, RSiCl3, and R,SiX, has 
been studied, Cumada and Hattori [1] showed that C,HsSiCl, and (CHs),SiBr, form 1,4-dihalobutanes with tetrahydro- 
furan and 1,5-dihalopentanes with tetrahydropyran, 1,4-Dichlorobutane [2] was obtained along with polysiloxanes 

by heating tetrahydrofuran with dimethyldichlorosilane in the presence of aluminum chloride at 125-130°, Silicon 
tetrachloride in the presence of anhydrous zinc chloride cleaved tetrahydrofuran giving 1,4-dichlorobutane and di- 

(5 -chlorobutoxy)dichlorosilane [3], Tetrahydro-a-methylfuran was similarly cleaved by silicon tetrachloride in the 
presence of anhydrous zinc chloride [4]. The main reaction product from the reaction between dimethyldichloro- 
silane and tetrahydrofuran in the presence of zinc chloride is 1,4-dichlorobutane, In contrast to dialkyldichlorosil- 


anes, the reaction of tetrahydrofuran with alkyl- and aryltrichlorosilanes leads to the formation of compounds of the 
type Cl(CH,),OSiRCI, [5]. 


In this work we studied the reaction of tetrahydrofuran and tetrahydropyran with trimethylchlorosilane and tri- 
methylbromosilane, It was shown that trimethylchlorosilane cleaves tetrahydrofuran only on heating in an autoclave 
at 160-170°; 1-chloro-4-trimethysilyloxybutane was the main reaction product: 


\ 


Tetrahydropyran gave a small yield of 1-chloro-5-trimethysilyloxypentane and polymeric product upon heating with 
trimethylchlorosilane at 200°: 


O 


By boiling tetrahydrofuran with trimethylbromosilane (15 hr) tetrahydrofuran ring cleavage took place, It should be 
pointed out that the cleavage reaction also occurs at room temperature; thus, if a mixture of tetrahydrofuran and tri- 
methylbromosilane is left for 40-45 days at room temperature, 1-bromo-4-trimethylsilyloxybutane is formed (al- 

most quantitatively), The reaction occurs more rapidly (6 hr) in the presence of aluminum chloride, but along with 


1-bromo-4-trimethylsilyloxybutane as the main reaction product a high-boiling fraction containing no silicon is al- 
so obtained; 


| + (CHs)3SiBr Br(CH,),OSi(CHs)3+ 


Under these conditions, tetrahydropyran is not cleaved; ring cleavage occurs only on heating at 160-180° in a steel 


ampule, A mixture of 1,5-dibromopentane and 1-bromo-5-trimethylsilyloxypentane (61%:39%) is obtained as re- 
action product; 


(V4 (CHs),SiBr + Br(CH,)sBr + Br(CH,),OSi(CHy)s. 


EXPERIMENTAL 


Reaction of Tetrahydrofuran with Trimethylchlorosilane, Tetrahydrofuran (54 g, 0,5 M) and 55 g (0.75 M) of 
trimethylchlorosilane were heated in a metal ampule for 10 hr at 120-150°, The reaction product was distilled under 
vacuum, 1-Chloro-4-trimethylsilyloxybutane boiling at 74,5-75° (19 mm) was isolated (63,3 g, 70.0%); n”D 1.4270; 
d”, 0.9354, Found: C 46,01; H 9.43; Cl 19,82%, CyHy7SiOCl, Calculated: C 46,51; H 9.48; Cl 19.62% 


Reaction of Tetrahydrofuran with Trimethylbromosilane, Trimethylbromosilane (24.4 g; 0.6 M) and 15 g 
(0,21 M) of tetrahydrofuran were heated in a flask with a reflux condenser for 15 hr, The reflux temperature gradual- 
ly increased from 73 to 115°, 1-Bromo-4-trimethylsilyloxybutane was the sole reaction product; it boiled at 86-97° 


(17 mm); 1.4503; 1.1748; yield 33,5 g (93%), Found: C 36,98; H 7.61; Br 36.13%, CyHySiOBr, Calculated: 
C 37,33; H 7.61; Br 35.48%, 


Trimethylbromosilane (43,2 g; 0.6 M) and 61.5 g (0,4 M) of tetrahydrofuran were allowed to stand for 45 days 


at room temperature, Upon distillation, 1-bromo-4-trimethylsilyloxybutane boiling at 86-87° (17 mm); n”D 1,4502 
was obtained; yield 76.5 g (91%), 


Reaction of Tetrahydrofuran with Trimethylbromosilane in the Presence of Aluminum Chloride, Trimethyl- 
bromosilane (120 g; 0,78 M) and 72 g (1.0 M) of tetrahydrofuran were heated for 6 hr under a reflux condenser, The 
boiling point gradually rose from 73 to 115°, Two fractions were separated by vacuum distillation: I) boiling at 70° 
(7 mm), n”D 1,4503; d, 1.1746; yield 136.6 g (71%) of 1-bromo-4-trimethylsilyloxybutane, Fraction II boiled at 
137-138° (7 mm); n”D 1,4982; d”, 1.5000, A substance (7 ml; 10,5 g) of undetermined structure was isolated; the 
product contained only C, H, Br, and O, but no silicon, Found: C 34,37; H 5,55, 5,34; Br 49,27, 48.55%, 


Reaction of Tetrahydropyran with Trimethylchlorosilane, Trimethylchlorosilane (10,8 g; 0,1 M) and 8.6 g 
(0,1 M) of tetrahydropyran were heated in a steel ampule for 12 hr at 180-200°, 1-Chloro-5-trimethylsilyloxypent- 
ane boiling at 86-89° (20 mm) was isolated (2.2 g, 12%) by vacuum distillation of the reaction products, The residue 
appeared to be a viscous polymeric mass, 1-Chloro-5-trimethylsilyloxypentane (2 g) was subjected to hydrolysis in 
15 ml of a tetrahydrofuran-water mixture in the presence of 2-3 drops of hydrochloric acid, The reaction mixture 
was diluted with water, extracted with ether, and the ether solution was dried with Na,SQ,, After distilling the ether, 
the residue was heated with 1,0 g of phenylisocyanate in 10 ml of toluene at 110° for 20 min, The toluene and re- 
sidual phenylisocyanate were distilled under vacuum and the residue was recrystallized twice from hexane, The 
phenylurethane of 1-chloropentanol-5 melted at 56.7°. Found: C 59,80, 59,85; H 6.60; 6,68; Cl 14,71, 14.67; N 
5.77, 5.75%, CygHygO2NCl. Calculated: C 59,62; H 6,67; Cl 14.67; N 5,80%, 


Reaction of Tetrahydropyran with Trimethylbromosilane, Tetrahydropyran (17,2 g, 0,2 M) and 30.6 g (0.2 M) 
of trimethylbromosilane were heated for 6 hr at 160-180° in a steel ampule, The reaction product was a mixture 
(61%:39%) of 1,5-dibromopentane and 1-bromo-5-trimethylsilyloxypentane according to elementary analysis; b.p. 
80-82° (7 mm); 28,6 g., Found: C 34,25, 34,08; H 6,27, 6,42; Br 46,51, 46,31; Si 7.22, 7.36%, 


The mixture obtained was separated by freezing from hexane (—75 to —78°), 1,5-Dibromopentane was again 
crystallized from a mixture of ethershexane (1:3) at —70 to —75°, 1,5-Dibromopentane boiled at 57° (1 mm); np 
1.5132; 1.6967, Literature data [6]: 1.5136; 1.6995, The residue left (2,0 g) after distillation of the 
hexane was hydrolyzed and 1-bromobutanol-5 was identified as its phenylurethane, as described above; m.p, 60,6°. 
Found: C 48,35; H 5,12; Br 29.03; N 5.02%, Cy4H,gOH,NBr. Calculated: C 48,55; H 5.18; Br 29.36; N 5.18%, 


SUMMARY 


1, Trimethylbromosilane and trimethylchlorosilane cleaved tetrahydrofuran, giving 1-bromo-4-trimethyl- 
silyloxybutane, and correspondingly, 1-chloro-4-trimethylsilyloxybutane, 


2, Trimethylchlorosilane cleaves the tetrahydropyran ring, from which 1-chloro-5-trimethylsilyloxypentane 
and polymeric products are formed, 


3, Two product, 1,5-dibromopentane and 1-bromo-5-trimethylsilyloxypentane, are obtained by cleaving 
tetrahydropyran with trimethylbromosilane, 


= | 
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It was shown in a recently published communication [1] that butyl chloride obtained by treating n-butyl chlo- 
tide with deuterium chloride in a nitrobenzene solution in the presence of strong aprotic acids (SbClg, FeCls, AlClg) 
contained deuterium, This led to the conclusion that primary alkyl chlorides possess the ability to exchange hydro- 
gen under the designated conditions, However, we recently discovered that different samples of n-alkyl chlorides 
exchanged at different rates, Thus, it was established that commercial n-butyl chloride, purified by distillation through 
a column of 30 theoretical plates’ efficiency (b.p. 77-78"; n”D 1.4018; 0.8858) exchanged rapidly with in 
nitrobenzene medium with FeCl, catalysis. In contrast to this, n-butyl chloride, obtained from n-butyl alcohol by 
treatment with thionyl chloride, exchanged considerably more slowly in the presence of excess pyridine. Analogous 
results were obtained by studying the reverse hydrogen exchange reaction of deuteriobuty! chlorides, which were pre- 


pared from the corresponding deuterated alcohols, Under these conditions, the exchange rate was so low that exchange 
did not occur, 


TABLE 1, TABLE 2, 


Content of 
sec-BuCl,% 


Fraction 


Content of 
sec- propyl 
chloride, % 


16,5-77,0 
77,0-77,5 
177,5-17.5 
11,5-77.5 
11,5-77,5 


43,5-45 
45 -46 
46 -46,.1) 1.3885 
46,1 
46,1 
Residue 


In order to explain the phenomena observed above, we attempted careful examination of the purity of charged 
and isolated materials by gas chromatographic methods, These studies, carried out on a dioctyl phthalate (20 wt-% 
on C-22 firebrick) column 2 m in length, showed that the n-butyl chloride we synthesized, and the deuterated n- 

butyl chloride were pure substances, but that the chloride obtained by distilling a commercial preparation contained 
0.1-0,2% of admixed sec-butyl chloride, Moreover, it was shown that, in all cases in which hydrogen exchange was 
observed, isomerization of n-butyl chloride to secondary, the content of which was about 1% of the butyl chloride 

isolated after the reaction, occurred, The hydrogen exchange reaction of chromatographically pure n-butyl chloride 


1, 
Fraction B.p., °C IPVS, B.p., °C IPVS, 
+ y/ml y/ml 
I 1.4018 | 5835 19,20 
1.4019 | 4340 4.85 
Il 1.4019 | 2360 4,00 
IV 1,4020 | 1485 0.75 : | 
IV 560 0.54 | 
V 1,4020 | 183 0 
VI 1.4020] 83 0 
2 VI 183 0.01 | 
1940 


with DCI in the presence of FeCl; at 20° led to butyl chloride with a considerable deuterium content, However, by 
careful distillation of this product through a column with subsequent analysis of the different fractions for deuterium 
content and sec-butyl chloride content, it was shown that the apparent hydrogen exchange for n-butyl chloride is de- 
pendent on the presence of easily exchanging sec-butyl chloride, which is formed from n-butyl chloride by isomerizi:- 
tion, The fraction corresponding to pure n-butyl chloride contains practically no deuterium, Similar results were ob - 
tained in work with commercial n-butyl chloride purified by distillation through a column of 30 theoretical plates’ 
efficiency, Also, in this case, the fraction of gas-chromatographically pure n-butyl chloride contained almost no 
deuterium (Table 1), although the distilled reaction product contained considerable deuterium (IPVS* = 1335 y/ml}. 


These results seemed direct proof that apparent hydrogen exchange in n-butyl chloride requires the presence of 
sec-butyl chloride which is formed as a result of isomerization or is present as an impurity in the starting material, 
This supposition was confirmed by studying hydrogen exchange of chromatographically pure n-propyl chloride which 
we synthesized from n-propyl alcohol and thionyl chloride in the presence of pyridine (b.p. 45.8°; n”D 1.3886; d, 
0.8924), As a result of hydrogen exchange of n-propyl chloride in nitrobenzene with DCI in the presence of SbCls 
(ratios of components: n-PrCl :nitrobenzene:SbCls:DCl = 1:9,2:0.16:0,4) at 25° for 16 hr, a product containing con- 
siderable deuterium (IPVS = 2000 y/ ml) was isolated, However, as was shown by subsequent fractionation, gas chrom’. 
atographic, and isotopic analyses, hydrogen exchange in this case also required the presence of sec-propyl chloride, 
but n-propyl chloride contained practically no deuterium (Table 2), 


Finally, we studied the hydrogen exchange reaction of ethyl chloride, which generally is incapable of isomeriy 
ing to a sec-chloride, and established that ethyl chloride does not undergo hydrogen exchange with deuterium chlo- 
ride in nitrobenzene solution in the presence of aprotic acids (FeCl ;, SbCls). 


Thus, the results obtained show that in the absence of tert- or sec-alkyl chlorides, n-alkyl chlorides do not under- 
go hydrogen exchange with deuterium chloride in nitrobenzene solution even in the presence of strong aprotic acids, 
Hydrogen exchange observed under these conditions depends on the formation of sec-alky! chlorides, 


SUMMARY 


Based on n-butyl, n-propyl, and ethyl chlorides as examples, it was established that these alkyl chlorides, in the 
absence of tert- or sec-alkyl chlorides, do not undergo hydrogen exchange reaction with deuterium chloride in nitro- 
benzene solution in the presence of aprotic acids, Under these conditions, n-BuCl and n-PrCl are isomerized to se- 

condary alkyl chlorides, which easily undergo the hydrogen exchange reaction, 
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A detailed study of the cleavage of decaborane by alcohols with various structures [1,2] was made. It was found 
that the reaction occurs according to the equation 


+ 20ROH — 10B(OR)s + 22He. 


Pentaborane behaves similarly with reference to alcohols, Trialkoxyborane and H, [3] are formed quantitatively by 
reaction of pentaborane with methyl, ethyl, or butyl alcohols; 


15ROH — 5B(OR)s + 12H,. 


In the present work we studied the reaction of decaborane and pentaborane with mercaptans, It was shown that 
decaborane and pentaborane are much more stable to mercaptans than to alcohols, Reaction did not occur during pro- 
longed heating of decaborane with ethyl mercaptan at its boiling point; only at 150-160° did cleavage of decaborane 
with formation of hydrogen and tri(thioethyl)boron occur according to the equation 


ByoH, + 30C,H,SH 10B(SC,Hs)3 -+ 22H. 


Butyl mercaptan began to react with decaborane at temperatures above 120° although the complete cleavage reaction 
required heating for 60 hr: 


ByoHi4 +- 30C,H»SH 10B(SC,Hs)3 


The reaction of pentaborane with ethyl mercaptan at the boiling point of the mixture occured slowly, and only 
about */, of the theoretical amount of hydrogen was evolved, Apparently, pentaborane forms a complex compound 

with ethyl mercaptan, since tri-(thioethyl)boron is not distilled from the reaction mixture under a vacuum of 1 mm, 
even at 150°, But tri-(thioethyl)boron was obtained by thermal decomposition (at 200°) of the complex formed, Simi- 
larly, tri-(thiobutyl)boron is the final product from the reaction of pentaborane with butyl mercaptan: 


BsHy + 15C,HySH — 5B(SC,Hp)s + 


Besides the above mercaptans, we studied the reaction between decaborane and diethyl- and diphenylsulfides, 
It was shown that diethylsulfide and decaborane react with formation of a complex BygHgCgS, in composition and 


hydrogen evolution; apparently this complex is analogous to those of decaborane with triethylamine, triphenylphosph- 
ine, acetonitrile, etc, [4-7]: 


ByoHi4 + (C2Hs)2 S— + Hye 


Diphenylsulfide did not undergo this reaction with decaborane on heating in either benzene or toluene, 


EXPERIMENTAL 


Reaction of Pentaborane with Ethyl Mercaptan, Pentaborane (0,64 g; 0,01 M) and 9.5 g(0.15 M) of ethyl mer- 
captan were mixed under an argon atmosphere, No visible indications of reaction were observed, and slow evolution 
of hydrogen commenced only upon boiling the mixture (12 hr), After distillation of excess ethyl mercaptan the resi- 


due was distilled under vacuum to 180-200° at which 0.8 g of tri-(thioethyl)boron was distilled; b.p. 68-70° (1.5 mm); 
20 
n’'D 1,5457, 


Reaction of Pentaborane with Butyl Mercaptan, To butyl mercaptan (13,5 g; 0,15 M) heated to the bo ving 
point was slowly added pentaborane (0.64 g; 0.01 M). Tri-(thiobutyl)boron (13 g) was obtained by heating the reac- 
tion mixture under vacuum; yield 94,5%; bp, 152-153° (1 mm); nD 1,5230; a 0.9864, 


Reaction of Ethyl Mercaptan with Decaborane, Decaborane (0.6 g; 0.005 M) and 10 g (0.16 M) of ethyl mer- 
captan were heated in an autoclave at 160-180° for 12 hr. The hydrogen evolved was collected in a gasometer (2,7 
liters), The residue boiled at 132-133° (22 mm) upon distillation, After a second distillation, tri-(thioethyl)boron 
boiled at 131° (21 mm); n”°D 1,5480; d”°, 1.0386, Found: B 5,70; C 37.19; H 7.66%, CgHysS3B. Calculated: B 5,673 
C 37,12; H 7.73%, 


Reaction of Butyl Mercaptan with Decaborane, Decaborane (0.6 g; 0.005 M) and butyl mercaptan were heated 
in a flask with reflux condenser, Butyl mercaptan was added in small portions (about 3 ml) as the boiling point in- 
creased, The temperature gradually increased from 120 to 160°. Heating was continued approximately 60 hr. The 
theoretical amount of hydrogen was evolved, The residue was distilled under vacuum, After a second distillation, 
tri-(thiobutyl)boron boiled at 207° (22 mm); n”°D 1,5205; d™, 0.9686, Literature data [8]: b.p, 150-152° (1 mm); 
nD 1.5205; d, 0.9684, Found: B 3,88; C 51,90; H 9.73%, CypH»7SsB. Calculated: B 3,92; C 51,83; H 9.72% 


Reaction of Decaborane with Diethylsulfide, A solution of 0,6 g (0,005 M) of decaborane and 2,3 g (0.015 M) 
of diethylsulfide in 20 ml of benzene was heated on a boiling water bath in a flask with a reflux condenser, The 
theoretical amount of hydrogen (120 ml) was evolved, The benzene was distilled, and the residue was washed twice 
with ether to remove excess diethylsulfide, Bis-(diethylsulfide)decaborane melted at 89-90° after three crystalliza- 


tions from a methylene chloride — ether mixture. Found: C 31,95, 31.99; H 10,74, 10.80%, CgHg BypSp, Calculated: 
C 32,00; H 10.67%, 


Diphenylsulfide did not react with decaborane under similar conditions; the results were the same in toluene, 
SUMMARY 


1, Reaction of decaborane and pentaborane with ethyl and butyl mercaptans led to cleavage and hydrogen 
evolution with formation of corresponding thioalkyl borates, 


2, Diethylsulfide formed the complex By9Hy2[(C2Hs)2S], with decaborane, 
LITERATURE CITED 


H, C, Beachell and T, R, Mecker, J, Am, Chem, Soc, 78, 1796 (1956). 
H, C, Beachell and W. C, Schar, J, Am, Chem, Soc, 80 2943 (1958), 
A. F, Zhigach, E, B, Kazanskii, and R, A, Kigel’, Dokl, AN SSSR 106, 69 (1956), 
R, Schaeffer, J, Am, Chem, Soc, 79, 1006 (1957), 

M, F, Hawthorne and A, R, Pitochelli, J, Am, Chem, Soc, 80, 6685 (1958), 

M., F, Hawthorne and A, R, Pitochelli, J. Am, Chem, Soc, 81, 5519 (1959), 

N, A, Fetter, Chemistry and Industry 1959, 1548, 

B, M, Mikhailov and T, A. Shchegoleva, Dokl, AN SSSR 131, 843 (1960), 


on nn 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


| 


SYNTHESIS OF SOME DIALKYLAMINE-BORANES AND 
ALKYLMERCAPTO-(DIALKYLAMINO) BORANES 


B. M. Mikhailov and V. A. Dorokhov 


N. D, Zelinskii Institute for Organic Chemistry, Academy of Sciences of the USSR 
Translated from Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk, 
No, 11, pp, 2084-2086, November, 1961 

Original article submitted May 12, 1961 


We recently reported some new boron derivatives in which the boron atom is bound to three different substitu- 
ents: alkylmercapto- and dialkylamino- groups and a hydrogen atom [1,2]. The first examples of this type of com- 
pound were obtained by us by reacting mercaptans with a borane-diethyl amine complex at 100-120°, This reaction, 


as was shown, has a general character which allows synthesis of various alkylmercapto-(dialkylamino) boranes from 
borane complexes with secondary amines. 


The dialkylamine-borane used (1) can be obtained readily by passing diborane into an ethereal solution of the 
corresponding secondary amine, We previously synthesized diethylamine-borane [1] by this route and dimethylamine- 
borane, diisoamylamine-borane, and piperidine-borane in yields close to theoretical in the present work, Dimethyl- 

amine-borane was previously obtained from diborane and dimethylamine in the gaseous phase [3]; Berg and Good [4] 
obtained complexes with boron and cyclic amines, in particular with piperidine, by this same route but did not des- 
cribe their properties, A convenient synthetic method for dialkylamine-boranes consists of the reaction of lithium 
borohydride with amine hydrochlorides in ethereal medium [5]. By reaction of the corresponding mercaptans at 100 
to 120° on dimethylamine-borane, diisoamylamine-borane, or piperidine-borane we synthesized n-propylmercapto- 
(dimethylamino)-borane, n-butylmercapto-(dimethylamino)-borane, n-propylmercapto-(diisoamylamino) borane, 
and n-butylmercapto-(piperidino)-borane in 70-80% yields, according to the equation 


RINH- BHs+R’SH RINBC 


The alkylmercapto-(dialkylamino) boranes exist in monomeric form; they are hydrolyzed and oxidized in air 
and react with alcohols at room temperature with hydrogen evolution, Replacement of the alkylmercapto group by 
alkylamino- or dialkylamino-groups occurs upon reaction with primary or secondary amines, The alkylmercapto- 
(dialkylamino) boranes exchange the RS-group for a higher alkylmercapto group by heating with a higher mercaptan, 
Replacement of alkylmercapto- and dialkylamino- groups occurs on heating with an excess of higher secondary amine, 


The IR- and Raman-spectra of the different alkylmercapto-(dialkylamino) boranes were studied, Data for n- 
butylmercapto-(dimethylamino) borane are given: 


IR-spectra (cm™*): 817 (20); 870 (84); 882 (87); 925 (89); 964 (86); 1004 (95); 1070 (54); 1147 (3); 
1226 (17); 1279 (67); 1298 (71); 1382 (69); 1410 (1); 1455 (27); 1513 (15); 2371 (71); 2500 (39); 2862 (19); 
2875 (22); 2980 (4); 2960 (10), 


Raman-spectra (cm): 346 (1); 376 (1); 465 (2); 663 (7); 715 (2); 742 (3); 773 (1); 808 (3b); 870 (5); 895 (1); 
925 (0); 969 (0); 997 (0); 1016 (0); 1056 (6); 1101 (3); 1144 (5); 1194 (0); 1228 (1); 1276 (2); 1302 (3); 
1354 (3b); 1379 (0); 1408 (10); 1446 (8); 1458 (1); 1506 (0); 1629 (0). 


EXPERIMENTAL 


Dimethylamine-borane, To a solution of 15,0 g (0.333 M) of dimethylamine in 100 ml of absolute ether was 
added 0,21 M of diborane at —20 to —10°, after which the ether was distilled, Dimethylamine-borane obtained as a 
liquid crystallized on standing; yield 18,9 g (96%), Dimethylamine-borane was purified by distillation under vacuum, 


| 
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Diisoamylamine-borane, Diisoamylamine (31,4 g, 0.2 M) was dissolved in 120 ml of absolute ether; to it was 
added 0,125 M of diborane at 0°; then the ether was distilled, and the crystalline residue of diisoamylamine-borane 
was washed with hexane, The yield was 33,2 g (97%) After recrystallization from hexane, diisoamylamine-borane 
melted at 54-56°, Found: C 69,88, 69,60; H 15.35, 15,22; B 6.59, 6.68%, CypHagNB, Calculated: C 70,18; H 15,32; 
B 6.32%, 


Piperidine-borane, Diborane (0,14 M) was added to a solution of 21,2 g (0.25 M) of piperidine in 75 ml of 
ether, After distillation of ether under vacuum 24,0 g (97%) of piperidine-borane was obtained as colorless crystals 
melting at 80-82° after recrystallization from a mixture of hexane and benzene, Found: C 60,55, 50,51; H 14,28, 
14,35; Hact 3.12%, CsHyNB, Calculated: C 60.57; H 14,25; Hact 3.06% 


Piperidine-borane and diisoamylamine-borane are crystalline substances with marked, rapid decomposition 
above 130°, Piperidine-borane is soluble in benzene and ether, less soluble in n-hexane, Diisoamylamine-borane is 
very soluble in benzene, as well as in ether and in n-hexane, 


n-Propylmercapto-(dimethylamino) Borane, In a three-necked flask equipped with a long-stem thermometer, 
reflux condenser, and dropping funnel were charged 9.5 g (0,161 M) of dimethylamine-borane and 6,0 g of n-propyl 
mercaptan, The mixture was heated while 7,4 g more of n-propyl mercaptan was added in drops while the tempera- 
ture of the reaction mixture was held in the range 100-120°. After 2.5 hr hydrogen evolution stopped, n-Propyl- 
mercapto-(dimethylamino) borane (14,8 g; 10%), boiling at 48-50° (13 mm), was obtained by fractional distillation; 


d”°, 0.8706; nD 1.4701, Found: C 46,37, 46.43; H 10,62, 10.64%; mol, wt, 134.9. CsH,NSB. Calculated: C 45,82; 
H 10.76%; mol, wt, 131.1, 


n-Butylmercapto-(dimethylamino) Borane, A mixture of 10.6 g (0,180 M) of dimethylamine-borane and 16,7g 


(0,185 g) of n-butyl mercaptan were heated for 2 hr at 100-120°, After fractional distillation 19.5 g (75%) of n-butyl- 


mercapto-(dimethylamino)-borane boiling at 55-57° (7 mm) was obtained; d”, 0.8666; nD 1.4699, Found: C 49,72, 
H 11.14%, CgHygNSB, Calculated: C 49.63; H 11,11%, 


n-Propylmercapto-(diisoamylamino) Borane, To 22.4 g (0,131 M) of diisoamylamine-borane was added 5,2 
ml of propyl mercaptan; 4,9 g more of n-propyl mercaptan was added dropwise during heating at 100-120°, After hy- 
drogen evolution stopped, the mixture was fractionally distilled, n-Propylmercapto-(diisoamylamino) borane (25,0 g; 
19%) boiling at 110-114° (3,5 mm) was obtained; after a second distillation it boiled at 92-94° (1,5 mm); dq, 0.8422; 


1.4640, Found: C 64,25, 64.40; H 12.57, 12.27%; mol, wt. 237.0. CygHggNSB, Calculated: C 64,15; H 12,43; 
mol, wt. 243.3, 


n-Butylmercapto-(piperidino) Borane, A mixture of 9.4 g (0.095 M) of piperidine-borane and 9,0 g (0,1 M) of 
n-butyl mercaptan were heated at 100-120° for 3 hr, After distillation, 14,4 g (82%) of n-butylmercapto-(piperidino) 
borane boiling at 73-74° (1,5 mm) was obtained; d”, 0,9170; n*D 1.4944, Found: C 58,39, 58,13; H 10,63, 10,89; 

S 17.08%; mol. wt. 184.9. CgHygNSB, Calculated: C 58,39; H 10,89; S 17.32%: mol, wt. 185.1, 


Crystalline substances, not further studied, were obtained as impurities in these experiments for obtaining alkyl- 
mercapto-(dialkylamino) boranes, 


SUMMARY 


1, Borane complexes with dialkylamines can be prepared in almost quantitative yields by addition of diborane 
to ethereal solutions of the corresponding amines, 


2, Alkylmercapto-(dialkylamino) boranes are obtained in good yields by the reaction of mercaptans with com- 
plexes of borane and secondary amines at 100-120°, 
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It is well known that elementary sulfur is a very active chemical reagent, This property of sulfur is used in in- 
dustrial chemistry, as in vulcanization of rubber, as well as in organic syntheses, Work on the reaction of sulfur with 
hydrocarbons is well known [1]. Dehydrogenation products are the main products of this reaction: olefins, hydrogen 
sulfide, and thiophene, The reaction between sulfur and other organic compounds has as yet been studied incomplete- 
ly. Upon reaction of sulfur with such heterocyclic compounds as dixanthylene and diflavylene at 280° and atmospheric 
pressure, cleavage of the ethylenic bond occurs but the ethereal oxygen remains unaffected [2]. For example, the re- 
action goes according to the scheme, in the case of dixanthylene: 

Mag 


We investigated the reaction between elementary sulfur and the oxygen heterocyclic compounds tetrahydro- 
silvane and silvane, The experiments were conducted in a steel autoclave, The reaction products were analyzed on 
a gas-liquid chromatography column packed with diatomaceous earth impregnated with tricresyl phosphate (30%), 
The column was 2 m long. Analysis was conducted at 80°; the hydrogen flow rate was 30 ml/ min and the pressure 
0,2 atm, By distilling the reaction products between tetrahydrosilvane and sulfur through a column with an efficiency 
of 20 theoretical plates, the following were isolated: a-methylthiophene, b,p, 112-113° (751 mm); n”D 1,5120 and 
1.0170; «-methylthiophane, b.p, 131-132° (751 mm); n”D 1,4920 and d”, 0.9581; silvane, b.p, 63-64° (751mm); 
1,4340 and 0.9154, and pentanone-2, b.p. 100-101° (751 mm); nD 1.3916 and d”, 0,8083, The conditions 
for conducting, and the results of, the experiments are given in Tables 1 and 2. 


TABLE 1, Reaction of Sulfur with Tetrahydrosilvane (in each experiment 100 g of tetrahydrosilvane and 40,4 g of 
sulfur were taken) 


Experimental conditions Results of experiments 

temperature of | initial yield of liquid |amount of tetra-| yield of methyl- | yield of methyl- 

experiment, Nz pressure, atm |experiment,hr | products, g hydrosilvane thiophene, thiophane, 

reacting, % mole-%on re- | mole-% on re- 
act, tetrahydro- | act, tetrahydro- 
silvane silvane 

150* * Without excess 91,9 

pressure 

200 The same 123.3 52,2 
200 20 126.5 67.3 
200 50 127.8 62.7 
200* 20 12 164,1 66.8 
250 20 10 119.9 11.8 
250* * 20 10 108,0 42.0 


*In this experiment, 129 g of tetrahydrosilvane and 52.0 g of sulfur were used, 
* In this experiment, 100 g of tetrahydrosilvane and 20,2 g of sulfur were used, 
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TABLE 2, Reaction of Sulfur with Silvane (in each experiment 100 g of silvane and 42,3 g of sulfur were taken) 


Experimental conditions Results of experiment 
experimental | length of initial N2 yields of liquid/amt, of silvane| yield of methylthio- yield of methylthio- 
temp., °C experiment,hr| pressure,atm | products, g _|converted, % |phene,mole-%on |phene,mole-% on 
reacting silvane initial silvane 


no excess pressure 


As is seen from Tables 1 and 2, the reaction for replacing an atom of oxygen by sulfur goes at temperatures 
above 150°, Thus, from tetrahydrosilvane and sulfur, a-methylthiophene and a-methylthiophane are obtained, but 
a-methylthiophene from silvane and sulfur, The influence of changing the temperature, duration of the experiment, 
and nitrogen pressure on the yield of sulfur heterocyclic compounds was studied, During reaction between sulfur and 
tetrahydrosilvane within the limits we investigated, increasing the temperature or reaction time led to increased yields 
of a-methylthiophene and a-methylthiophane, Better yields of sulfur heterocycles were obtained at initial pressures 
of about 20 atm, The yield of a-methylthiophene was considerably lower from the reaction of sulfur with silvane 
than from the reaction of sulfur with tetrahydrosilvane. The maximum yield of «-methylthiophene did not exceed 
15.1% of reacting silvane, Here, apparently, the polymerization of silvane limits the reaction, Therefore, increas- 


ing temperature, pressure, or reaction time increases the amount of high-boiling products while the yield of a-methyl- 
thiophene is essentially unchanged, 


Since a-methylthiophene is formed as a main product from tetrahydrosilvane and sulfur, it is suggested that 
initially formed a-methylthiophane undergoes dehydrogenation by sulfur to a-methylthiophene, Sulfur dehydrogena- 
tion to silvane under these same conditions was conducted for the same starting tetrahydrosilvane, The silvane con- 
tent in the condensate from one of the experiments was 22,6%, 


Furthermore, part of the tetrahydrosilvane is isomerized into pentanone-2 under our experimental conditions, 
However, the main portion of the tetrahydrosilvane and silvane conversion products are high-boiling substances which, 
apparently, are “linkage” products of molecular sulfur with tetrahydrosilvane, silvane, and methylthiophene into 
larger molecules as during the vulcanization of rubber. In the case of silvane, polymerization also occurs, 


The mechanism for forming methylthiophene from tetrahydrosilvane and silvane is not yet clear, The supposi- 
tion of direct displacement of the oxygen atom by sulfur has not been established experimentally, since it was not 
possible to detect sulfur in gaseous oxygen compounds, Consequently, the idea is not excluded that a-methylthiophene 
and «-methylthiophane are formed as a result of reaction between silvane and tetrahydrosilvane with hydrogen sulfide, 
which is detected in considerable amounts among the reaction products, However, hydrogen sulfide, as shown in a 
separate experiment, does not react with tetrahydrosilvane or silvane under the conditions we used, Experiments con- 
ducted to clarify the action of sulfur on tetrahydrosilvane in the presence of hydrogen sulfide showed that the latter 


has no influence on the yield of sulfur heterocyclic compounds, Use of aluminum oxide as a catalyst also did not 
have an effect on the reaction course, 


SUMMARY 


During direct reaction of sulfur with tetrahydrosilvane and also with silvane at 200-250° and 20 atm pressure, 
a-methylthiophane and a-methylthiophene are formed; higher yields are obtained by the reaction of sulfur with 


tetrahydrosilvane, Under optimum conditions the total yield of methylthiophene and methylthiophane is 52,6%, cal- 
culated on reacting tetrahydrosilvane, 
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7 150 12 95.5 17.2 0 0 kia 
200 12 12.4 10.6 9.2 6.5 
250 12 66.7 98.6 13.5 13.3 
250 6 14,8 95.4 13.0 13.0 
250 68.7 88.8 10.5 9.5 
300 6 68.4 81.7 15,1 10.8 
300 4 63.2 18.7 8.9 7,0 
300 4 = 62,4 97.6 4.9 4,8 
1. 
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TABLE 1, 


Preparation 


y -Chlorobutyoxyphenyldichloro- 
silane 
Diphenyldichlorosilane 


y~Chlorobutoxydichloro- 
phosphine 

Diethyl-«-chloroethylchloro- 
silane 


Bromomethyltrichlorosilane 
Bis-trichlorosilylchloro- 
methane 
1,2,3,4,7,7-Hexachlorobi- 
cyclo(2,2,1,2-heptenyl-68 - 
ethyltrichlorosilane) 
Dinaphthylboronchloride 


Diphenylboronchloride 


Phenylborondichloride 


V. A. Klimova and G, F. Anisimova 


Physical 


properties 


Liquid, b.p, 136° 
(8 mm) 
Liquid, b.p, 175° 
(18 mm) 
Liquid, b.p. 80° 
(5 mm) 
Liquid, b.p. 154- 
155° (15 mm) 


Liquid 
Liquid, b.p. 211° 


Viscous mass 


Solid substance 


Liquid, b.p. 119- 
120° (3 mm) 
Liquid, b.p. 175° 


Value for blank | Oxygen 


in ml of 


0.05N caustic | ml/min 


0,05 
0.04 
0.08 
0,08 
1.9 

1,73 
0.04 
0.04 
0.44 
1,10 
0.05 
0.06 
0.02 
0,02 


0.05 
0.03 
0.06 
0.05 
0,12 
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25 
8.3 
15 
30 
48 
48 
50 
50 
27 
27 
30 
45 
30 
30 


40 
20 
30 
15 
40 


Amount 
of oxygen 
passed, ml 


1000 
1000 
1000 
1000 

500 
1000 
1000 
1000 

500 

500 
1000 
1000 
1000 

500 


500 
500 
1000 
1000 
500 


The tendency noted by Lindner to reject terminal weighing in determining carbon and hydrogen in elementary 
analysis, opening the possibility for almost completely automatic processes, has recently made some progress, Titro- 
metric [1-3], manometric [4,5], and conductometric [6,7] endpoints for determining carbon and hydrogen were pre- 
sented, In the largest number of methods, water formed by combustion of organic compounds is converted to an easily 
determined form, A number of preparations of HCl, HBr, NH, and C,H, from water were studied, But none of them 
was completely satisfactory, The halogen-containing preparations [1, 8-11] were either too volatile, or they reacted 
with water too slowly, CaC,, which Malissa used, decomposed rapidly. We tried (apparatus, Fig, 1) a series of halo 
derivatives of organosilicon, phosphorus, and boron compounds and found that of the compounds we investigated only 
phenylborondichloride [12] was usable as a reagent under our conditions (Table 1); it formed HCl from water rapidly 
and quantitatively, and was only slightly volatile, 


Amount of water 
converted to 


hydrochloric acid, % 


46.60 
52.45 
45,84 
40,00 
35.5 

43,23 
20.80 
24,00 
44,30 
42,00 
56,40 
46.20 
74,00 
51,80 


26.00 
46.00 
14,00 
80.00 
100,30 
100,20 


Fig. 1. Apparatus for converting H,O to HCl and absorption of HCl and CO,: 
1) combustion tube; 2) iron block, the end of which is in furnace (900°); 3) 


apparatus with phenylborondichloride; 4) Dewar flask; 5) trap; 6), 7) absorp- 


TABLE 2, 


tion apparatus; 8) glass filter porosity No. 3. 


| Amount, ml 
SQes 
= 
Naphthalene 5,448] 6,72 34,02 | 93,C7 
5,419 6,59 34,00 94,14 
Octadiyne-3,5- 4,€98| 21,798 69,63 
diol-2,7 
18-Nor-D-homo- 5,284 8,11 24,558 | 69,72 
-3,15,17a-tri| 4,765] 7,43 | 22,04 |69,38 
acetoxyandrostene 
. 4,40 21,96 | 69,26 
Dimethyl esterof7- |4,£60| 7,16 22,24 |68,64 
methoxy-1,2,3,4, 
4a,9,10,10a-octa- |5,493) 8,23 25,04 | 68,38 
hydrophenanthrene- 
1,2-dicarboxylic 
acid 


calc, | diff, 


found | calc, 


0,08 | 6,17 
93,75 6,27 
0,26 | 6,20 
0,07 | 7,44 
69,54 7,30 
0,48 | 7,67 

0,18 | 7,80 
69,20 1,14 
0,16 | 7,79 
0,02 | 7,37 
68,€6 7,23 
0,28 | 7,49 


diff. 


It was difficult to determine the equivalent point during titration with soda in various solvents, Consequently, 
we absorbed HCl and CO, separately in distilled water and caustic, respectively, Absorption of CO, in 0.2 N NaOH 
was incomplete (10 ml of solution rose 6 cm) under our conditions, With 0,1 N solution of Ba(OH), we had difficulty, 
connected with the quantitative removal of the residue of BaCO, which is insoluble in water. Alcoholic NaOH solu- 
tion (0,075 N) was somewhat better and quantitatively absorbed CO), and the precipitated residue of sodium carbon- 
ate was easily washed into the titration vessel with water, In order to avoid determining excess caustic in the pres- 
ence of soda, a solution of barium chloride was added throughout the titration. In the blank experiment a liter of 
oxygen (30-35 ml/ min) was passed through the vessel. HCl, formed due to the volatility of phenylborondichloride, 
was absorbed in distilled water and titrated with 0.05 N caustic solution, the amount of which did not exceed 0,1-0,3 
ml, To the alcoholic caustic (10 ml of 0,075 N solution) was added 20 ml of 20% BaCl, solution, and after 20 min 
mixing the solution was titrated with hydrochloric acid, In order to accelerate the titration, 5 ml of 0,1 N HCl was 
added to the solution with a calibrated pipet at the beginning; then it was titrated with 0,025 N HCl (blank experi- 
ment for CO,), The value for the blank experiment was sufficiently constant for 2 or 3 determinations if the absorp- 
tion apparatus was rinsed with dilute acid and then with water. A weighed sample of 5-7 mg was placed in the com- 
bustion tube and burned with a spark [13,14] in a stream of oxygen (30-35 ml/ min; for combustion displacement of 


1 liter of oxygen was used), The mixture of gases formed was passed through the apparatus with phenylborondichloride, 
then through the trap cooled with dry ice, and through the two absorption vessels, 


_ 
— 
0, 
i 
4 67 | 
KA 
Cc, % iH, % 
0,10 
0,07 
0,41 
0,37 
0,06 
0,05 
0,14 
0,26 
1949 


HCI was absorbed by the distilled water, the solution was transferred into a flask and titrated with 0,05 N caustic 

solution in the presence of phenolphthalein. 1,0 ml of 0.0005 N caustic solution corresponds to 0.0005 mg of hydrogen, 
Carbon dioxide was absorbed in 0.075 N alcoholic NaOH solution (10 ml, as in 
the biank experiment); the solution was transferred to the titration vessel (Fig. 2), 
20 ml of 20% barium chloride solution was added, and after 20 min stirring, 
the excess alkali was titrated with 0,025 N HCl in the presence of ortho-cresol- 
phthalein, 1.0 ml of 0,025 N caustic is equivalent to 0,0015 mg of carbon, 
The sample determinations are given in Table 2, 


The authors thank B, M, Mikhailov, V. A. Ponomarenko, and A, D, 
Snegova for obligingly supplying the preparations, 


SUMMARY 


1, Halogen-containing organo-B, -P, and -Si compounds were used as 
preparations reacting with water vapor to form HCl for volumetric determina- 
tion of hydrogen in organic compounds, 


2. The possibility of volumetric micro-determination of carbon and hy- 
drogen in organic substances after combusting them in a stream of oxygen in a 
tube mixed with phenylborondichloride, which forms hydrogen chloride with 
water vapor, was demonstrated, 
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In recent years a number of studies have been published on the heat conductivity of organic compounds of very 
different structures, both in the solid and the liquid state, In particular, there have been many studies of the tempera- 
ture dependence of the heat conduction of liquid organic com- 
pounds and the effect of molecular structure on the numerical! 
value of the heat conduction [1]. Considerably fewer works 
have been devoted to the question, interesting from both a sci- 
entific and practical point of view, of the change in heat con- 
ductivity as a result of phase transformation, In this connec- 
tion, we note the work of Read and Lloyd [2], which reports a 
study of the heat conduction of 2,4,6-trinitrotoluene (trotyl) in 
the temperature range from 20-120°, carried out by the method 
of heated fibers, The authors found that the heat conductivity 
of trotyl decreased evenly from 20 to 75-77°; the section ab of 
0 20 7) MO oO 0% te Curve 1 (Fig, 1) in the graph of Read and Lloyd, Here the bupee 
of the heat contaatiiy in the solid state changed from 37° 10- 


+1075 cal /cm: sec deg. 


5 , 2 Ts there was a sharp fall in heat conduction to the value 3° 10 
in solid and liquid states: O, A , xX — our data; 

cal/ cm * sec + degree (section be of Curve 1), then there was 
@ — data of A. F, Belyaev; @— data of Read and 
Lloyd some exponential rise of the curve to point d, corresponding to 


about 100°, after which the portion of curve de practically para- 


lleled the abscissa, The section of the curve cde corresponds 
to the liquid state (the melting point of the trotyl used by Read and Lloyd was 80,4°), 


We could find values in the literature for the heat conduction of trotyl only for 25 and 45° [3,4], Even with a 
rapid consideration of the data obtained by the English authors, we note the fact that the values for the heat conduc- 
tion of 2,4,6-trinitrotoluene at 25 and 45° differ sharply from the values of heat conduction of trotyl obtained by other 
investigators for these same temperatures, Also, there is great interest in the question of the reproducibility in the 
zone of the melting point of the minimum in the heat-conduction curve when using studies by other methods for meas- 
uring the heat-conduction coefficient; of the origin of this minimum, and also the absolute values for the heat con- 
duction of trotyl in solid and liquid states, In accord with this, we have measured the heat conduction of a number 
of samples of pure 2,4,6-trinitrotoluene in the temperature range from 10-96°, 


EXPERIMENTAL 


The heat conduction in the solid and liquid state, and also over the melting point range was studied in an ap- 
paratus based on the principle of comparative measurement of the heat conduction of thin, flat layers of substance 
under conditions of stationary heat flow. This method, often used by many investigators [5-7], was used by us in an 
apparatus which permitted us to take as a minimum amount of substance for study, about 1-1,5 g. The diagram of 
the apparatus is shown in Fig, 2, where the numbers 1 and 3 denote the thermostatically controlled blocks used to 
create a constant temperature difference between the surfaces of the thin (0,5-1 mm) layer of substance studied, Due 
to the choice of such a thin layer and heating from above, we avoided convection, The heat loss into the surrounding 


_ 


Fig. 2, Apparatus for determining heat conduction by 
the relative method of flat layers: 1) upper block; 2) 
middle block; 3) lower block; 4) standard sample; 5) 
protective ring for the standard material; 6) copper 
protective ring; 7) substance under investigation; 8) 
thermocouple for upper block; 9) thermocouple for 
middle block; 10) thermocouple for copper protective 
ring; 11) thermocouple for lower block, 


medium at the temperatures measured, because of the pres- 
ence of the special protective rings 5 and 6, was slight (on 
the order of 1%), and the experimental error did not exceed 
2%, As the standard substance we chose water, glycerol, 
toluene, air, whose heat conductions have been well studied 
by many investigators, 


Our experimental results are given in Fig, 1 (Curve 2); 
the sign O denotes the points taken on shifting from a low 
temperature (10°) to a high one (98°); the sign A means in 
the reverse direction, A consideration of Curve 2 shows that 
these results fit well on the curve which we give and agree 
within the limits of error of the experiment, Also, the values 
for the heat conduction of trotyl at 25 and 45° obtained by 
Prentiss [3] and Belyaev [4] agree well with our results, 
Curve 2 as a whole reproduces well the general character of 
Curve 1 (Read and Lloyd) and agrees, in particular, with the 
same temperature coefficient of heat conduction as the 
English authors, but our values for the heat conduction of 
trotyl are considerably higher, In particular, a sharp differ- 
ence occurs in the region of the heat conduction of liquid 
trotyl, where the difference reaches about 200%, The data 
of Read and Lloyd on the heat conduction of liquid trotyl 
are very perplexing where they approach the value of the 
heat conduction of air, We are inclined to assume that, in 
the studies of the English authors, there was some systematic 
error which lowered the heat conduction, and was shown es- 


pecially obviously in measuring the heat conduction of the 
fused trotyl. 


The minimum on the heat-conduction curve of trotyl 
close to the melting point, which we could reproduce only 
under definite experimental conditions (see sign x in Curve 2), 
can be explained by noting that this effect is not related to 
lowering of the heat conduction of the solid substance before 


the melting point, but at temperatures close to melting part of the heat is used in maintaining a definite layer of 
substance in the fused state, This is confirmed by the fact that the minimum is obtained only when we measure the 
heat conduction of a double layer of fused-solid substance, 


SUMMARY 


1, Using an apparatus developed on the principle of a relative method, we have measured the heat conduction 
of 2,4,6-trinitrotoluene in the temperature range from 10-96", i.e., in the solid and liquid states, 


2. The values for the heat conduction of trotyl in the solid state agree well with the results of Belyaev and 
Prentiss, but differ sharply from those of Read and Lloyd, which are certainly low. 


3. A sharp fall in heat conduction in trotyl in the solid state near the melting region was not observed, 
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Chemical compounds of carbon and nitrogen with metals of the transitional groups have an obviously metallic 
character and do not obey the laws of chemical valence, Numerous attempts to establish the character of the inter- 
atomic bonds in carbides and nitrides of the transitional metals have been based chiefly on the results of x-ray in- 
vestigations [1]. However, the x-ray data suffer from the deficiency that they are not very sensitive to the position 
of the nonmetallic elements in the elementary lattice, The arrangement of these atoms is usually based on data 
about the symmetry of the elementary lattice for metallic atoms, and on crystallochemical considerations [2]. 


Experimental and Calculated Values for Intensity of Reflections for Carbides and Nitride 
of Titanium 


Titanium nitride, a=4,.210A | Titanium carbide, a=4,262A |Titanium carbide, a=4,318A 


Icalc 
I for comp. 


exp hkl 


100 
9 

9 
86 


The neutronographic method for studying the structures of these compounds permits correction of the x-ray 
data, In studying the structures of the carbides and nitrides of titanium by the neutronographic method, there are 
actual advantages over the x-ray method, These lie in the fact that the amplitudes of the coherent scattering of 
neutrons in this case are not only of the same order of magnitude, but are opposite in sign: bj = 0.38 ° 107”; a= 
0,66 10°; by, = 0,94 + 10°" [3], 


In [4] there was a neutronogram of titanium carbide, but it could not be used for calculation, since the authors 
of [4] did not give the content of carbon in the carbide which they studied, They also did not give the values for the 
parameters of the crystal lattice, from the values for which we could estimate the content of carbon in the carbide 
from the curve of relation of the lattice parameters to carbon content [5]. Therefore, we have undertaken a neutrono- 
graphic study of a titanium carbide with the following values for the lattice parameters*: a = 4,262A (about 25 at, 

%o C), a = 4,318A (about 50 at.% C), and of a titanium nitride with a = 4,210A. 


*The parameters for the crystal lattices of the carbide and nitride of titanium were determined by the x-ray method 
of reverse exposure, 


| 
or comp. or comp, : 
; hkl exp N hkl lexp 
411 100 4100 111 4100 411 100 109 
200 14 14 200 43 200 6 4 
220 41 15 220 9 220 6 4 
311 90 81 311 86 311 90 95 
222 6 7 222 0 2 
- 400 2 4 400 0 1 
331 59 56 331 56 54 
420 3 13 
422 4 12 
47 43 
440 1 5 
534 67 | 75 
1953 


EXPERIMENTAL 


We studied the composition of titanium carbide as found at the beginning and end of the region of homogeneity 
of this compound [1,5]. The neutronogram was obtained on a neutron diffractometer with a remote control [6]. The 
diffractometer was set up in one of the horizontal passages of reactor IRT-1000 of the Institute for Atomic Energy of 
the Academy of Sciences of the USSR [7]. The samples to be studied were put by hand in a thin-walled (0,1 mm) 
aluminum container with diameter 14 mm and height 30 mm, The wavelength of the neutrons, rendered monochrom- 


atic by reflection from the (111) surface of a lead crystal, was 106A. The neutrons scattered by the sample were re- 
corded by a counter with BF;, rotating at constant speed. 


15 25 35 45 55 65 75 29° 


Fig. 1, Neutronograms: a) from titanium nitride with composition Tig gsN; b) from titani- 
um carbide with composition TiC, ,9 ; c) from titanium carbide with composition 95. 


The intensity of neutron scattering was automatically recorded on a EPP-09 tape, depending on the angle of 
scattering, The ratio of intensities of the different reflections was determined with respect to the area under the in- 
tegral curve of intensity of count, with subtraction of the base, The area was measured with a planimeter, The re- 
sulting neutronograms are given in Fig, 1.* The data on the intensity of the reflections are given in the table, 


We find on the neutronograms only those reflections which satisfy the conditions of extinction of a face-centered 
cubic lattice, Thus, the neutronographic data confirm the x-ray evidence on the symmetry of the elementary lattice 


of the studied compounds, The absence on the neutronogram of superstructural reflections shows that the atoms of the 
nonmetal in these compounds are distributed statistically, 


*Since the original neutronograms were very large, we give in Fig, 1 a reduced copy constructed from the averaged 
data, 
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Calculation for the values of the intensities was carried out by the formula [3]: 


1 
Ieatc, > COS A(o), 


where F is a structural factor, p is the frequency factor; A(®) is the absorption factor, The absorption factor for these 
compounds depends little on the angle $, and so in the calculations it was not considered, 


On integration of the diffraction picture there can be differences in values, because one and the same compound 
with different gross states, in some cases, gives the same ratio of intensities of reflection, We consider the ratio 
Féss1y/ Feeo0) for carbide and nitride of titanium; let 


by)? 
Fin (200) = +by)? A, 


where z is the ratio of content of titanium and nonmetal in the compound; by; and by are the amplitude of scattering 
by titanium and nonmetal, respectively, and A is the experimental ratio of intensities, It is easy to see that 


u (1— A) 


where u = by by- 


For the study of titanium nitride, the experimental value A is 4,1, In this case, z, = 7,2 and z, = 0.85, The 
composition of the titanium nitride can be written in the form Tip, gs5.N and Tiz,,N. However, the latter composition 
should have a hexagonal lattice as a solution of nitrogen in titanium. Hence, in studying titanium nitride, the titani- 
um atoms do not occupy all the vacant places in the lattice of metallic atoms, The somewhat greater hemisphere 
of reflections for titanium nitride, as compared to the reflection from titanium carbide, is connected with the defect- 
iveness of the lattice, There is other evidence for a defective lattice in titanium nitride [8]. However, the lack of 
titanium found by measuring the density (about 4%) is somewhat lower than we find, For titanium carbide the experi- 
mental value A at a composition close to the stoichiometric is 14, Here, z, = 3 and z, = 1, i.e,, the possible com- 


positions are TiC , TiCy 33 (or TiyC), The latter composition drops out, since, on the basis of x-ray evidence, this 
preparation contains about 50 at.%C, i.e, its formula is TiC, 


SUMMARY 


1, Neutronographic data show that in titanium carbide TiC) 25, and in compositions close to the stoichiometric, 
the titanium atoms occupy all possible vacant places, The calculated intensity values for titanium carbide with 


composition TiC and TiCp,95 , and for titanium nitride with composition Tig g;N agree well with the experimental 
values, 


2, In titanium carbide and nitride the atoms of the nonmetal actually occur in octahedral spaces, In titanium 


carbide with insufficient carbon the octahedral spaces are occupied statistically, In titanium nitride the lattice is de- 
fective with respect to titanium, 
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Among the general methods for preparing alkylgermanium bromides, almost the most suitable is that of treat- 
ing the corresponding organogermanium oxides with hydrobromic acid [1-3]: 


CI,GeR,_ , UB" GeR, 


Another prevalent method consists in splitting Ge-C, Ge-H, and Ge-Ge bonds with bromine or hydrogen bromide, 
sometimes in the presence of aluminum bromide [1,4-6]: 


GeBr, 


Alprs 


Alkylgermanium bromides are also formed in a "direct synthesis” using alkyl bromides [7-9]: 


RBr R,GeBry RGeBry« 


There is often mention, also, in the literature, of formation of alkylgermanium bromides by partial alkylation with 
a Grignard reagent not only of GeBrg, but also of GeCl, or alkyl (aryl) germanium chlorides [8-10]: 


rCl 
GeCl, + RMgBr+[R,GeCl, R,GeBr, + MgCl 


Replacement of chlorine by bromine on a silicon atom in the analogous reaction in the organic silicon compounds is 


encountered very rarely, probably because of the lower degree of ionization of the Si-Cl bond as compared to the 
Ge-Cl bond, 


In attempting to add HBr to allyltrichlorogermanium, we unexpectedly found quantitative formation of allyl- 
tribromogermanium: 


Cl,G2CH,CH = CH, + 3HBr + Br,;G2CH,CH = CH, + 3HCl. 


Heating and use of benzoyl peroxide in this reaction (with long bubbling in of HBr) did not change the result, that is, 


allyltribromogermanium did not add hydrogen bromide either. Analogous results were obtained with vinyltrichloro- 
germanium: 


HBr 


Cl,GeCH = CH, 


—BrsGeCH = CH,. 


At the same time, it is known that HBr adds to allyltrichlorosilane exclusively at the multiple bond [11]: 


Cl;SiCH2CH = CH, + HBr — Cl,;SiCH,CH,CH,Br, 


Only in the case of methylallyltrichlorogermanium, besides replacement of the chlorine atoms on the germanium by 
bromine, is there addition of HBr at the double bond: 


Cl;Ge — CH,— C = CH, 


CHs 


MR 
Starting Organogermanium | Yield, B.p., °C n2 


compound bromide % in mm Hg) * | found] calc, 


GeCl, GeRr, 83 |180—181 (756)}1 ,6250/3 |44,84 [44,40 
n-C,H»GeCl, n-C,H»GeBr3 96 ) 148(}55,66 |55,32 
CH,=CHGeCl, CH,=CHGeBrs 73 95 (7) 1, 58&3!2 5420145 ,338)45 548 
CH_=CHCH,GeCi, | CH, =CHCH,GeBr; | 98 56 (2) 115874 ‘07 50,196 


CH,=CCH,GeCly 62 |123—128(8) 163504 
| 


CH; Br 
(CoHs)2 GeCls (CoHs),GeBra 89 | 82—86(16) |4,5359/4 ,9854/45,62 147,65 
(C,Hs)3 GeCl (C.Hs)gGeBr 80 68 (10) 1 ,4836]1 , 4009/48 ,91 149,35 


Note: All the compounds given in the table were determined by alkali titration [12] of 
the theoretical amount of bromine, 
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Fig. 1, Infrared spectrum of CH, = CHCH,GeBr;, 
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Fig. 2. Infrared spectrum of CH, = CHCH,Ge(CHs) 3. 
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Fig. 3, Infrared spectrum of CH, = CHGeBr3, 
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Fig. 4, Infrared spectrum of CH, = CHGeCl3, 
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Fig. 5. Infrared spectrum of CH, = CHGe(CHs)3. 


Further study showed that this reaction has a general character and can serve as a very convenient method for 
the synthesis not only of various alkenyl, but also alkylgermanium bromides, formed according to the equation 


R, GeCl, + 2-HBr +R, _ ,, GeBr,, +-HCl, 
where n = 1, 2, 3, and 4, 


Such a reaction with hydrogen bromide is not found in the chemistry of organic silicon compounds, We also 
obtained allyltribromogermanium by the "direct method," that is, by reaction of allyl bromide with germanium— 
copper powder, 


EXPERIMENTAL 


Allyltribromogermanium CH, = CHCH,GeBr3. We passed 95 g of allyl bromide (2 drops per min) through a 
glass tube (length 230 mm, diameter 18 mm) filled with a mixture of finely broken up germanium (20 g) and copper 
(5 g) heated to 300 + 10° in a stream of nitrogen, We isolated from the resulting condensate 47 g of allyl bromide 
and 34 g of allyltribromogermanium with b.p. 72° (7 mm), nD 1,5882; d”®, 2.3410; found MR 50.82; calculated MR 
50,20, 


Infrared spectrum (Av, cm™): 155 (5w), 235 (10w), 269 (8w), 312 (6v.w.), 325 (Sw), 403 (1w), 534 (7v.w.), 
696 (9w), 786 (0), 930 (Sw), 991 (0), 1152 (10w), 1184 (4n), 1245 (1), 1297 (7n), 1388 (Tw), 1417 (5n), 
1633 (10n), 2915 (Tw), 2955 (4), 3013 (4), 3085 (4), 


We bubbled hydrogen bromide through 36 g of allyltrichlorogermanium, After 5 hr we obtained the theoretical 
weight, which was not changed by further passing of HBr even with heating and addition of benzoyl peroxide, Vacu- 
um distillation gave 52,5 g of allyltribromogermanium, methylation of which with CH;MgCl gave a yield of 90% of 
allyltrimethyl germanium, The spectrum of the latter agreed completely with a standard, The remaining experi- 
ments were carried out in an analogous way (see table), Below we give the spectra of some germanium compounds, 
obtained by L, A, Leites, for which we thank him, 


Infrared spectrum of CH, = CHGeBr, (Av, cm7): 183 (1), 234 (4n), 256 (10w), 301 (7w), 328 (1), 351 (2w), 
525 (1), 604 (Tw), 994 (1), 1240 (8), 1389 (8), 1422 (1), 1596 (5), 2856 (1), 2954 (2), 2996 (8), 3026 (3), 
3071 (5), 


Infrared spectrum of CHyCH,CH,CH,GeBr,: (Av, cm™): 152 (2), 175 (0), 216 (7), 247 (10), 284 (2), 
308 (4w), 328 (2w), 506 (0), 548 (1), 631 (5), 659 (2), 981 (0), 1007 (0), 1043 (1), 1092 (1), 1149 (3), 
1181 (1), 1200 (5w), 1346 (0), 1448 (1w). 


SUMMARY 


We present a new method for the synthesis of organic germanium bromides which consists in bubbling hydrogen 
bromide through the corresponding organic germanium chlorides, 
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We recently described a method for the synthesis of macrocyclic unsaturated lactones, based on the oxidative 
condensation of w,w*-diacetylene esters [1]. Now we have extended this cyclization process to w,w*-diacetylene 


ketones (III) which we have synthesized from w-acetylene acid chlorides (I) through the corresponding w,w*-diacetyl- 
ene ketenes (II) (cf, [2]): 


co 
H,0 
2 HC=C(CH,),,COCI HC=C(CH,),COC(CH,),,_,C=CH —> 
(1) (il) 


Hy /Pd (CH 
— HC=C(CH,),,CO(CH,),C=CH C=C(CH,),, CO(CH,), C=C 2m 


(iN) co— 
(IV) (Vv) 


By the action of triethylamine in ether solution with later hydrolysis of the nonynony! chloride (I, n = 6) and 
undecynony! chloride (I, n = 8), they were converted into 1,6-heptadecadiyn-9-one [(III, n = 6) and 1,20-heneicosa- 
diyn-11-one (III, n = 8)]. Oxidative condensation of these ketones under conditions of high dilution [1] led to satis- 
factory yields of diacetylene macrocyclic ketones 8,10-cycloheptadecadiyn-1-one (IV, n = 6) and 10,12-cyclo- 
heneicosadiyn-1-one (IV, n = 8), which represent a new type of macrocyclic compound, The diacetylene ketones 

are thick, colorless oils characterized as the corresponding dinitrophenylhydrazones; their individuality was shown 
chromatographically on paper and by thin-layer chromatography on aluminum oxide (see Experimental), The struc- 
ture of the diacetylene macrocyclic ketones (IV) was confirmed by ultraviolet spectra (presence of bands character- 
istic for conjugated diacetylenes at 227, 238, and 254 my [3]), By catalytic hydrogenation of these ketones they were 
converted to the known saturated macrocyclic ketones cycloheptadecanone (V, m = 16 [4]) and cycloheneicosanone 
(V, m = 20 [5,6]). The infrared spectrum of the seventeen-membered diacetylene macrocyclic ketone (IV, n = 6) 
taken in carbon tetrachloride or in vaseline oil, contains the normal bands for a ketonic CO group, while in the infra- 
red spectrum of the analogous seventeen-membered lactone (10,12-hexadecadiyn-1,16-olide) taken in vaseline oil, 
the band of the lactone CO group is shifted toward lower frequencies [1]. In distinction from the saturated ketones 
(V) which have a weak musk odor, the diacetylene ketones (IV) practically lack an odor. 


EXPERIMENTAL 


w,w*-Diacetylene ketones (III), To a solution of 8.92 g of 8-nonynonyl! chloride [1] in 100 mi of dry ether 
cooled to 5° was added, in the course of 10 min with intensive stirring, 5,72 g of triethylamine, Stirring was con- 
tinued for 1 hr at 5°, then for 12 hr at room temperature and for 1 hr in the boiling mixture, After the latter had been 
cooled, it was washed with 2% sulfuric acid and water, The ether solution was evaporated in a vacuum and the resi- 
due was heated for 1 hr on a water bath, stirring with 100 ml of 2% KOH solution. The mixture was cooled with ice, 
the crystals were separated and twice recrystallized from a mixture of methanol—acetone (4:1), We obtained 3.5 g 

(55%) of 1,16-heptadecadiyn-9-one (III, n = 6), colorless prisms with m.p, 31-32°, The infrared spectrum in vaseline 


1959 


We have been able to show that on heating (2-3 hr at 100°) ethyl esters of a-amino acids in a sealed tube with 
ethylene sulfide, they undergo N-8 -mercaptoethylation, forming good yields of the corresponding aminomercaptans, 
For example, we have thus prepared the ethyl ester of N-(8 -mercaptoethyl)glycine (b.p. 74-74,5°, 2 mm, n”p 
1.4912; d”, 1.1252; MR 42.03, CgH30,NS. Found: MR 42,81; literature data [3], b.p. 116-118", 4 mm), and the 


ethyl ester of N-(8 -mercaptoethyl)- « -alanine (b.p. 75-75.5°/ 1.5 mm, 1.4671; 1.0402; MR 
Found: MR 47,43; not described in the literature), 


Study of the reaction of N-6 -mercaptoethyiation of natural and synthetic amino acids will be continued; later 
we will publish the details of the synthesis and some of the physical and chemical properties and reactions of this new 


class of compounds, and also data on their possible use and that of their chemical transformation products in biologic- 
al experiments, 
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oil, v 
lated: C 82.87; H 10.64%, 


max 2719 (s), 2110 (m), 3318 (s) cm"; in CCly, 1719 (s) cm™!, Found: C 82.40; H 10.65%, Cy7H_g0. Calcu- 


In an analogous way we obtained from 10-undecynoyl chloride [1] 25% of 1,20-heneicosadiyn-11-one (III, n = 8), 
m,p. 46-47° (from a mixture of methanol-acetone 4:1), Infrared spectrum in vaseline oil v;)4, 1706 (s), 2112 (w), 
3300 (s) cm7*, Found: C 82,92; H 11.20%, CyHyO. Calculated: C 83,38; H 11.33%, 


Diacetylene macrocyclic ketones (IV). A solution of 2.8 g of 1,16-heptadecadiyn-9-one in 10 ml of ether was 
added through a nozzle for high dilution [7] in the course of 5 hr with energetic stirring to a boiling solution (84-86°) 
of 10 g of anhydrous copper acetate in 1,5 liters of a mixture of pyridine-ether (5:1). After cooling, the mixture was 
filtered through 500 g of aluminum oxide (activity Il) which was then washed with 1 liter of ether, The filtrate was 
evaporated in a vacuum to a volume of 60-70 ml, diluted with 300 ml of ether and poured into 1 liter of 1 N hydro- 
chloric acid with ice; the ether layer was separated, the water solution was extracted with ether (3 x 100 ml), the 
combined extracts were washed with water, dried with magnesium sulfate, and the ether was distilled off. The residue 
was dissolved in petroleum ether (b.p, 40-60°) and passed through 30 g of aluminum oxide (activity II) and then this 
was washed with 200 ml of petroleum ether, The residue obtained after distillation of the solvent was chromatographed 
in ether on a column (16 X 150 mm) with activated charcoal, The first portion of the eluate (4 x 50 ml) contained 
pure 8,10-cycloheptadecadiyn-1-one (IV, n = 6)*; yield 1.55 g (56%) of colorless oil with Rf 0,825 (paper “B,” meth- 
anol), Infrared spectrum in vaseline oil: Vmax 1716 (s), 2154 (w), 2251 (w) cm™; in CCly, 1720 (s) cm™, Ultra- 


violet spectrum (in ethanol) a 226.5, 237.5, 254.5 my; (€ 379, 311, 148), Found: C 83,59; H 10.25%, CyzH,O. 
Calculated: C 83,53; H 9.90%, 


2,4-Dinitrophenylhydrazone of 8,10-cycloheptadecadiyn-1-one, recrystallized from alcohol, had m,p, 95-96° 
with decomposition, Found: N 13,12%, CogHagN,O,. Calculated: N 13.20% 


Under the same conditions, from 3,58 g of 1,20-heneicosadiyn-11-one we obtained 2,13 g (60%) of 10,12- 
cycloheneicosadiyn-1-one (IV, n = 8) in the form of a colorless oil with R f 9.867 (paper “B," methanol). Infrared 
spectrum in vaseline oil: Y,)3, 1715 (s), Ultraviolet spectrum (in alcohol): Amax 227, 240, 254 my (€ 553, 518, 
378), Found: C 83,69; H 10,72%, CzyHggO. Calculated: C 83,93; H 10.73%, 2,4-Dinitrophenylhydrazone melted 
with decomposition at 69-70° (from alcohol), Found: N 11.74%, Calculated: N 11.66% 


Saturated macrocyclic ketones (V), We hydrogenated 0,126 g of 8,10-cycloheptadecadiyn-1-one over 0,02 g 
of 5% Pd/ CaCO, in 10 ml of alcohol until absorption of hydrogen stopped (45 ml); then we filtered, evaporated, and 
chromatographed the residue in n-heptane on a column (12 x 160 mm) with aluminum oxide (activity II); and eluted 
with a mixture (4 x 50 ml) of n-heptane—benzene, 9:1. We obtained cycloheptadecanone (V, m = 16) [4] with m.p, 


62,5-64°; 2,4-dinitrophenylhydrazone, m,p, 85,5-86° (from alcohol), Found: N 12.99%, Calculated: 
N 12.95%, 


In an analogous way we reduced 10,12-cycloheneicosadiyn-1-one to cycloheneicosanone (V, m = 20) [5,6], 


m.p. 46-48° (from alcohol); 2,4-dinitrophenylhydrazone with m.p. 53-54° (from alcohol), Found: 11,14%, CogHyQ4Ny, 
Calculated: N 11.46%, 


SUMMARY 


We have described the synthesis of macrocyclic diacetylene ketones by oxidative condensation of aliphatic 
w,w*-diacetylene ketones, 
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*The individuality of the substance in the eluate was controlled by chromatography on a plate with aluminum oxide 


(activity II) in a mixture of n-heptane-benzene-ether (10:1:1), It was developed with a 1% solution of potassium 
permanganate in 2 N H,SQ,. 
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Stereospecific silica gels can be prepared as a result of the hydrolysis of optically active derivatives of ortho- 
silicic acid. The synthesis of optically active tetraalkoxysilanes was carried out by reaction (80°) for 5 hr of 0,028 M 
of an optically active hydroxyl-containing compound with 0,027 M of SiCl, in 0.11 M pyridine with 50 ml of ben- 
zene, The precipitate was filtered off, the filtrate was distilled in a vacuum, and the product was purified by crystal- 
lization or fractionation, We obtained tetra-(2-methylbutoxy)silane (I); b.p. 153-154° (7 mm), n”°D 1.4105, d%, 
0,8892; [a], = +1.27° (initial 2-methylbutanol: [a}?°D = —25,2°); tetramenthoxysilane; b.p. 256-258° (1 mm), m.p. 
97.8-98,0°, [a]}°D = —89,7°; tetrabornyloxysilane, m.p, 290-291°, [a}°D = —37.8°. The alkoxysilane obtained by 
reaction of di-n-butyltartrate ([«}°D = +10,7°) with SiCl, was hydrolyzed without isolation, Hydrolysis of the tetra- 
alkoxysilanes was carried out at 40° in dioxane with 2 M water and 0,05 M HCl, The silica gel was filtered off, dried 
in a stream of air with 60% humidity, and was extracted with methanol to a moisture content of 18%, Data were ob- 
tained on the stereospecific adsorption of optical isomers on these silica gels, Thus, on adsorption by the weight me- 
thod on the silica gel from (I) of the racemate and the (+) and (-) isomers of 2-butanol, it was found that the total a- 
mounts of alcohol adsorbed by saturation at 0° was 4,16, 3,36, and 3,94 mM/ g, respectively. 
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Long study of the exchange reactions between various types of organic compounds of boron has shown us that 
esters of boric, alkyl-, or dialkylboric acids react with each other, exchanging the alkoxyl groups, The esters of the 
above-mentioned acids undergo an analogous reaction with esters of thioboric, alkyl-, or dialkylthioboric acids, The 
equilibrium reactions expressed by the following equations occur slowly at room temperature and rapidly with heating: 


=. 
3R,BOR’-+-(R’S),B =. 3R,BSR’+(R’O),B 


ore 


R,BOR’+R, BSR” = R,BSR’+R, BOR’. 


| 
| 


If by distillation we remove the most volatile component from the reaction mixture, the equilibrium is com- 
pletely shifted to the side of its formation, Thus, starting from compounds which contain in the ester group radicals 


of different molecular weights, it is possible to carry out a transfer from the ester of the oxygen acid to its thioanaloz, 
and the reverse, which is important from the standpoint of method, 


Such exchange reactions also occur with amino derivatives of boron. Thus, for example, heating an ester of 


alkylboric acid with dialkyl-(phenylamino)boron with distillation of the ester of dialkylboric acid gives N-phenyl- 
substituted alkyl-(amino)boron, 
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In the journal "Industrial and Engineering Chemistry” for 1961, was published a letter of Ladd and Towney [1], 


in which they objected to Skinner [2] assigning us priority in obtaining 3,3,3-trichloro-1-propene, and asserting that 
Ladd and Shinkle had obtained this substance previously. 


In this connection, we wish to make the following statement: In a series of our publications devoted to the 
chemistry of «,a,a,w-tetrachloroalkanes and related compounds, we reported a method for preparation, chemical 
and physical properties, of 3,3,3-trichloro-1-propene, The first paper relating to this question was received by the 
editor of “Izvestiya Akademii Nauk SSSR, Otdelenie Khimicheskikh Nauk” on November 2, 1950, and was published 
in May, 1951 [3], i.e., earlier than the claim of Ladd and Shinkle [4]. 
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The reaction of N-8 -mercaptoethylation of aromatic and aliphatic amines by ethylene sulfide is well known 
and described in the literature [1,2]. We have considered it important for biological investigations to prepare N-(8 - 
mercaptoethyl)amino acids and their derivatives; the sole example of the synthesis of such a compound has been de- 


scribed oniy recently [3]: the synthesis of the ethyl ester of N-(8 -mercaptoethyl)glycine was carried out through the 
corresponding N-ethyleneimino derivative, 


1963 


We have been able to show that on heating (2-3 hours at 100°) ethyl esters of &-amino acids in a sealed tube 
with ethylene sulfide, they undergo N-8~-mercaptoethylation, forming good yields of the corresponding amino- 
mercaptans. For example, we have thus prepared the ethyl ester of N-(8-mercaptoethyl)glycine (b.p. 74-74.5°C, 
2mm, nfy 1.4912;  - 1.1252; MR 42.03. CgHygO,NS. Found ; MR 42.81; literature data [3], b.p. 116-118°/4 mm), 
and the ethyl ester of N-( 8 -mercaptoethyl)- &-alanine (b.p, 75-75.5°/1.5 mm, np 1.4671; a 1.0402; MR 47,28. 
C7HysO,NS; Found : MR 47,43, not described in the literature). 


Study of the reaction of N- 8 -mercaptoethylation of natural and synthetic amino acids will be continued; later 
we will publish the details of the synthesis and some of the physical and chemical properties and reactions of this 
new class of compounds, and also data on their possible use and that of their chemical transformation products in 
biological experiments. 
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SIGNIFICANCE OF ABBREVIATIONS MOST FREQUENTLY 
ENCOUNTERED IN SOVIET PERIODICALS 


Phys. Inst. Acad. Sci. USSR 

Water Power Inst. 

State Sci.-Tech., Press 

State Tech, and Theor. Lit. Press 

State United Sci.-Tech, Press 

State Power Press 

State Chem. Press 

All-Union State Standard 

State Tech. and Theor. Lit. Press 

Foreign Lit. Press 

Soviet Science Press 

Acad, Sci. USSR Press 

Moscow State Univ. Press 

Leningrad Power Inst. of Railroad Engineering 
Leningrad Elec, Engr. School 

Leningrad Electrotechnical Inst. 

Leningrad Electrical Engineering Research Inst. of Railroad Engr. 
State Sci.-Tech. Press for Machine Construction Lit. 
Ministry of Electrical Industry 

Ministry of Electrical Power Plants 

Ministry of Electrical Power Plants and the Electrical Industry 
Moscow State Univ. 

Moscow Inst, Chem. Tech. 

Moscow Regional Pedagogical Inst. 

Ministry of Industrial Construction 

Scientific Research Inst. of Sound Recording 
Sci. Inst. of Modern Motion Picture Photography 
United Sci.- Tech. Press 

Division of Technical Information 

Div. Tech. Sci. 

Construction Press 

Association of Power Engineers 

Central Research Inst. for Boilers and Turbines 
Central Scientific Research Elec, Engr. Lab. 


Central Scientific Research Elec. Engr. Lab. - Ministry of Electric Power Plants 


Central Office of Economic Information 

Ural Branch 

All-Union Inst. of Rural Elec. Power Stations 

All-Union Scientific Research Inst. of Metrology 
All-Union Scientific Research Inst. of Railroad Engineering 
All-Union Thermotech. Inst. 

All-Union Power Correspondence Inst. 


NOTE: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. —Publisher. 
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